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Introduction
The III-nitrides system, consisting of the binaries AlN, GaN, InN, and their ternary
and quarternary alloys, has long been viewed as a promising system for optical
semiconductor device applications in the blue and ultra-violet part of the spectrum.
In recent years many problems in producing these devices have been slowly overcome
and all kinds of devices are currently being produced: Light Emitting Diodes (LEDs)
and laser diodes (LDs). Besides these optical applications, devices designed for high-
power high-frequency electronics are now at the brink of being introduced on the
market.
In the first part of this introductory chapter a short description of the basic
physical properties of GaN will be given, in the second part the history in overcoming
problems with growth of GaN devices will be discussed, and in the last part an
outline of the present thesis will be given.
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Figure 1.1: Crystal structure of wurtzite GaN.
1.1 Basic properties of GaN
GaN is a very interesting material because of its chemical and physical properties
and, related to these properties, its possible applications. In comparison to the
commonly used Si and conventional lower bandgap III-V materials like GaAs, the
thermal conductivity, breakdown electric fields, maximum electron velocities, ther-
mal and chemical stability up to high temperatures are superior. An overview of
some basic properties of a few commonly applied semiconductors is shown in ta-
ble 1.1. The two most important properties of GaN are its wide, direct bandgap,
which allows optical devices operating in the blue/UV part of the spectrum, and its
chemical inertness, which allows its application under extreme operating conditions.
Three possible crystal structures exist for the III-nitrides family: wurtzite, zinc-
blende, and rock salt. The thermodynamically most stable one is the wurtzite
structure which has a hexagonal symmetry. This crystal structure is shown in figure
1.1. Two lattice constants describe the crystal: a in the horizontal plane and c in
the [0001] direction. The lattice constant a for AlN, GaN, and InN versus their
bandgap are shown in figure 1.2. Making alloys of these nitrides allows materials
with a bandgap in the range from red (InN) to UV (AlN).
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Table 1.1: Properties of common semiconducting materials.
Property GaN SiC Si Ge GaAs
Bandgap direct indirect indirect indirect direct
(eV) 3.42 3.2 1.11 0.66 1.43
Thermal conductivity 1.8-2.4 3.6-4.9 1.3 0.58 0.46
(W/cm K)
Melting point (oC) 2500 3100 1412 937 1240
1.2 History of GaN
The first report on GaN is from 1932 by Johnson et al. [1]; at that moment GaN
was the last member of the III-nitrides family to be reported. Dark grey powder of
GaN was produced by the reaction between metallic Ga and ammonia gas at high
temperatures. The stability of GaN towards high temperature and solutions of bases
and acids was reported. In 1937 the crystalline structure of GaN was reported by
Lirmann and Schadanov [2].
Although GaN was now known, it took a long time before crystalline thin films
could be produced and only in 1969 the first report on the growth of these crys-
talline thin films was given by Maruska and Tietjen [3]. They used the Hydride
Vapour Phase Epitaxy (HVPE) technique for this, which was already being used
for the growth of other III-V materials like GaAs [4, 5]. As soon as these films were
demonstrated it was realised that GaN had a large potential for optical applica-
tions at the edge of the visible spectrum and for high-temperature applications. A
few years later important steps were taken on the way towards working devices. In
1971 Pankove et al. [6] reported on the production of metal-insulator-semiconductor
Light Emitting Diodes (LEDs) made of thin GaN films. In the same year the first
publication on the successful growth of GaN with Metal-Organic Vapour Phase De-
position (MOCVD) appeared [7]. This growth method is today the technique for
producing group III-nitrides devices, opto-electronic as well as electronic. Another
important result from this period is the demonstration of stimulated light emission
obtained from needles of GaN single crystals at 2 K [8], opening the prospect of
ultraviolet semiconductor injection lasers. However, many problems remained in
obtaining smooth layers, controlling n-type conductivity, and obtaining p-type dop-
ing. Due to all these problems, which proved hard to solve, the III-nitride materials
were abandoned for quite some years in favour of other high band-gap materials like
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Figure 1.2: Bandgap v.s. in plane lattice constant a for III-nitrides with wurtzite
(α) and cubic (β) crystal structure.
SiC and II-VI materials.
Interest for the nitrides revived with the next big step forward in 1986, when
Amano [9] introduced a low temperature AlN nucleation layer for growth of GaN
with MOCVD on a sapphire substrate. This so called two-step method greatly
improved layer smoothness and dislocation density. Also in 1986, Amano showed
that SiH4 was an effective and controllable source for n-type doping in the MOCVD
growth of GaN. However, to obtain p-type doping proved to be more difficult and
only in 1989 the first p-n junction based blue LED was obtained [10]. The p-type
doping was obtained by low-energy electron beam irradiation of Mg-doped layers,
the obtained hole-concentration was 1016 cm−3.
In that period Nakamura was to become a very influential person in GaN re-
search. In 1992 he was working for Nichia Chemical Industries (Japan) and demon-
strated that thermal annealing of the Mg-doped layers after growth results in suffi-
ciently high hole concentrations [11]. A combination of this p-type doping process
with the use of InGaN quantum wells resulted in bright blue LEDs. The first com-
mercial blue LEDs based on GaN were produced by Nichia in early 1994 [12].
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After this big step forward it was time to try and solve the next problem: the
production of blue GaN-based laser diodes (LDs). In 1995 the first electrically oper-
ated GaN-based LD was shown, again by Nakamura and co-workers at Nichia [13].
The emitted wavelength of the device was 417 nm and was the shortest wavelength
emitted by a solid state semiconducting device at that time. This achievement was
followed by an increase in wavelength range and an increase in efficiency.
At the moment one of the most vivid areas of research into GaN is that of the
application to high power, high frequency devices, like High Electron Mobility Tran-
sistors (HEMTs). GaN has many of the properties of an ideal semiconductor for
these applications: excellent electronic transport and thermal properties, high break-
down voltage, chemical inertness, mechanical stability and the possibility of bipolar
and uni-polar devices. The first GaN based transistors were already demonstrated
in 1993 [14], but developments still continue [15].
1.3 Scope of the thesis
The development of the group III-nitrides system has come far since the invention
of the two-step method by Amano. The one main problem remaining is the lack of
native or lattice matched substrates. The growth on foreign substrates leads to the
introduction of dislocations and stress in the grown layers, which in turn deteriorate
the quality of the devices. The typical number of dislocations in device structures is
∼ 106−8 cm−2, in any other type of semiconductor, e.g. classical III-V materials, these
devices would not work. In GaN and related materials apparently the high number
of defects does not prevent the devices from working, however, it does deteriorate
the device efficiency and life time. The best solution for obtaining optimal quality
devices would be to grow device structures homoepitaxially, i.e. on GaN substrates.
The only real option to obtain these substrates at the moment is to grow thick GaN
layers, e.g. by HVPE, on foreign substrates and to remove the substrate afterwards.
Slowly these free-standing GaN wafers are becoming commercially available, but at
very high costs.
The work presented in this thesis is part of a project to obtain free-standing
GaN grown by HVPE, which could be used for continued GaN growth for devices.
Important factors in the HVPE process like reactor geometry, carrier gas and tem-
plates for growth are studied. Both calculations of the gas flows in the reactor and
growth experiments are performed in order to optimise the HVPE process and to
better understand it.
6 Introduction
The following chapter will give a brief introduction to the experimental methods
used for growing and characterising the GaN layers. Next the last introductory
chapter, chapter 3, will discus the importance of the flows in the reactor for the
growth process and the model which has been used to study the flows in our reactor.
The other chapters will be describing one by one important parameters in the
HVPE growth of GaN. The effect of small changes in geometry of the reactor will
be discussed in chapter 4. This will also give a validation of the Computational
Fluid Dynamics (CFD) model that is used to describe the growth process. Chapter
5 discusses the choice of carrier gas and in what way it influences the flows in the
reactor and subsequently the growth rate. Also how the carrier gas effects the
quality of the grown material is reported. A very important factor in good quality
GaN growth is the choice of template. The effect of MOCVD grown templates with
a special gallium treatment step (GTS) will be shown in chapter 6, and the effect
of adding In to the growth system will be discussed in chapter 7. The thesis will be
continued with a chapter on the scaling of the reactor, this in order to understand
the larger reactor (4” or 3x2”), called Goliath, which has recently been built in our
group, modelled after our smaller reactor (2”), David, which has been used for all
experiments described here. Chapter 9 will conclude the thesis with summarising
the progress that has been made and looking at future research options.
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Chapter 2
Experimental methods
The current chapter starts with a discussion of a few growth techniques for GaN,
focussing on HVPE. Next, the choice of substrates and ways of reducing the dislo-
cation density in the grown layers will be discussed. Techniques for characterising
the grown layers will be discussed in the last part.
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2.1 Growth methods for GaN
The most common methods of growing GaN-based devices are Molecular Beam
Epitaxy (MBE) and, for the bulk of the applications, MOCVD. Both allow control
of interfaces between the various layers. In MBE the growth rate is very low and the
control of the interfaces is very accurate, in principle with atomic resolution. This
control makes it a very suitable technique for the growth of devices, which request
ultimate control of the interface properties. However, it is also a very expensive
method as it requires ultra high vacuum technology. Further drawbacks are, as
already mentioned, the low growth rate (∼ 1 µm/h) and the fact that it is difficult
to scale up to industrial scale.
The other method, MOCVD, has a slightly higher growth rate than MBE: 1-
6 µm/h, with still a reasonable control over the interface quality. It is a growth
technique from gas phase and is very closely related to HVPE. For the growth
of III-nitrides NH3 is used as the precursor for N and for the Al and Ga atoms
TMA (TriMethylAluminium) and TMG (TriMethylGalium) are used as precursors,
respectively. The chemistry involved in the process [1, 2] is rather complicated, how-
ever, the combination of interface quality and scalability to industrial scale makes
MOCVD the method of choice for the production of many GaN devices.
In MOCVD a carrier gas, either N2 or H2, is used to transport the growth species
to the susceptor. The susceptor is heated by radio frequency (RF) induction up to
around 1100 oC for growth of the main layer, the outer walls of the reactor are water
cooled, and thus at lower temperature. The high temperature of the susceptor is
needed for the decomposition of the highly stable NH3.
Although MOCVD is widely used for the growth of devices, the relatively low
growth rate does not allow the growth of the thick, bulk-like material which could
be used as a substrate for continued, homoepitaxial growth of GaN. For this ap-
plication HVPE is much more suitable. In this technique the growth rate is much
higher, typically 100 µm/h. This allows the growth of the necessary thick layers
for the fabrication of (pseudo-)substrates. The growth of thick layers has the added
advantage of increasing crystal quality with increasing layer thickness. Other ad-
vantages are that the chemistry is relatively simple as compared to MOCVD, and
that the equipment is less complicated. The basics of HVPE growth of GaN will be
described in the remainder of this section.
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Figure 2.1: Schematic overview of reactor used by Tietjen and Amick, figure taken
from [3].
2.1.1 Hydride Vapour Phase Epitaxy
The first publication on the use of HVPE for the growth of epitaxial layers was in
1966 by Tietjen and Amick [3]. For the growth of GaAs1−xPx they used the gaseous
hydrides of As (AsH3) and P (PH3) instead of As and P vapour. On heating, these
hydrides decompose to form the respective elements with H2 as a by-product. The
growth with the hydrides allowed better control of the composition of the grown
material than with growth from As and P vapour. Figure 2.1 shows a schematic
representation of the first, horizontal HVPE reactor. The Ga was transported to
the growth zone by reacting HCl with liquid Ga inside the reactor. A few years later
the same technique was used for the epitaxial growth of GaN [4], now the hydride
of N, i.e. NH3, was used as a precursor. The drawback, however, of NH3 is its low
decomposition rate in comparison with AsH3. For this reason higher temperatures
are used for the growth of GaN (1100 oC) than for GaAs (800 oC).
This first reactor for HVPE used by Tietjen was a horizontal reactor. Another
type of reactor which has been developed is the vertical reactor. A schematic drawing
of a vertical reactor is shown in figure 2.2. In this case the gasses enter from the top
and leave the reactor at the bottom. As this set-up has the drawback of possible
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Figure 2.2: Schematic drawing of a vertical HVPE reactor.
particles formed in the gas phase falling onto the growth area, the flow direction is
sometimes reversed and the wafers for growth are mounted up-side-down.
HVPE differs from MOCVD mainly in that it uses different precursors (pure
metals and HCl instead of metalorganic compounds) and that the walls are heated
instead of water cooled. The N precursor is still NH3; the Ga precursor is GaCl
which is formed in-situ by reacting HCl with metallic Ga. The Ga is placed in a
boat and HCl gas is passed through it and GaCl is formed according to:
Ga(l) +HCl(g) → GaCl(g) +
1
2
H2(g). (2.1)
At 850 - 900 oC this reaction is 94-96 % effective [5]. A carrier gas, either N2 or H2,
is used to dilute the growth species and to transport them to the growth area.
A model for the reaction process forming GaN is proposed by Cadoret [6]. The
growth process is assumed to occur at the surface with the following steps: adsorp-
tion of NH3 on a vacant spot at the surface (V), equation (2.2), decomposition of
the NH3, equation (2.3), adsorption of a GaCl molecule on a N atom, equation (2.4),
and the final step is the desorption of the Cl atom:
V + NH3(g) ⇄ NH3(∗); (2.2)
NH3(∗) ⇄ N(∗) +
3
2
H2(g); (2.3)
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N(∗) +GaCl(g) ⇄ NGaCl(∗). (2.4)
A (*) indicates that the species is adsorbed at the surface. The desorption of the Cl
atom can proceed through 3 possible reactions [6, 7]:
HCl-mechanism:
2NGaCl(∗) +H2(g) ⇄ 2GaN(s) + 2HCl(g); (2.5)
GaCl3-mechanism:
2NGaCl(∗) +GaCl(g) ⇄ 2GaN(s) +GaCl3(g); (2.6)
GaCl2-mechanism:
NGaCl(∗) +GaCl(g) ⇄ GaN(s) +GaCl2(g). (2.7)
The overall reactions for the formation of GaN, based on the desorption principles
of reactions (2.5)-(2.7), are:
GaCl(g) +NH3(g) → GaN(s) +HCl(g) +H2(g), (2.8)
3GaCl(g) + 2NH3(g) → 2GaN(s) +GaCl3(g) + 3H2(g), (2.9)
and
2GaCl(g) +NH3(g) → GaN(s) +GaCl2(g) +
3
2
H2(g). (2.10)
With the experimental conditions chosen the main route of formation of GaN is by
reaction 2.8, i.e. by the HCl-mechanism.
For the experiments described in this thesis a home built, horizontal HVPE
reactor is used [8–12]. A photograph of the set-up is shown in figure 2.3. The outer
construction of the reactor is a horizontal quartz tube, which is placed in a furnace.
The outer tube is 101 cm long and has a circular cross-section with a diameter of
10 cm. The furnace has two temperature zones. For the zone where the GaCl is
formed the temperature is set to 1000 oC, in the zone where growth will take place
the temperature is set to 1100 oC. The furnace is shown in open position in the
photograph and the division between the two zones can be distinguished. The gas
flow is from the right to the left. (This convention will be followed in the entire
thesis.)
All interior parts of the reactor are also made of quartz and are rather hard
to distinguish in figure 2.3. A more clear idea of the interior of the reactor can be
found in two schematic drawings of the central part of the reactor which are shown in
figure 2.4. Figure 2.4a shows the geometry of the reactor at the start of the research
14 Experimental methods
Figure 2.3: Photograph of HVPE reactor tube in furnace. During the growth process
the furnace is closed and the whole reactor tube is heated.
presented in this thesis, figure 2.4b shows the geometry for later experiments. Even
though they look quite different the basics are the same.
To protect the outer tube from damaging during growth an inner tube with a
diameter of 8 cm is placed inside. After growth, the inner tube can be easily removed
from the reactor and (if necessary) cleaned ex situ.
In the top right part the Ga-boat is placed. Ga is a metal with a very low melting
point of 30oC. HCl gas of 99.999% purity, which in addition is in situ purified, enters
the boat with liquid Ga. The HCl and the Ga react and GaCl is formed according
to reaction 2.1. The GaCl enters the reactor through an inlet with a diameter of 1
cm. In figure 2.4a this inlet is curved tube with an open end; in figure 2.4b the inlet
is a closed straight tube with one or a few holes in it.
Below the Ga-boat the NH3 inlet is placed. In the starting geometry this is a
straight tube with a diameter of 1 cm, in the improved geometry the NH3 inlet is
changed to a narrow slit just above the susceptor. This slit is a few mm high over
the whole width of the reactor. NH3 of 99.9999% purity, which is also additionally in
situ purified, is used as a precursor. In the initial geometry a small horizontal plate
is placed between the inlets of GaCl and NH3 to prevent premature mixing of the
source gasses, which will lead to parasitic deposition on the inlets. A small amount
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(b)
(a)
Figure 2.4: Drawing of interior of the HVPE reactor (a) used in chapters 4 and 5 of
thesis, (b) used chapters 6, 7 and 8, without the height step in front of the susceptor.
of N2 is added to the NH3 and GaCl flows in order to dilute the source gasses. From
the right hand side of the reactor the main carrier gas enters the reactor, this is
either N2, H2, or a combination of both. All gasses leave the reactor on the left
hand side.
The desired growth occurs on a substrate which is placed on a rotating disk in
the susceptor. On the surface the NH3 and the GaCl react with each other and
form GaN. The rotation of the disk is obtained by a gas flow. The susceptor is 9
cm long and is placed in the 1100 oC zone of the furnace and growth experiments
are performed at a susceptor temperature of about 1080 oC.
An overview of the gas system is shown in figure 2.5. The valves and mass flow
controllers used to direct the flows are shown. Besides the two source gasses HCl
and NH3 it is also possible to add a third source gas to the growth chamber, e.g.
SiH4 for Si doping. This option is not used in this thesis.
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Figure 2.5: Schematic overview of gas lines used for HVPE growth of GaN. The
mass flow controllers (boxes with arrows) and the valves (×) used in managing the
flows are shown.
The geometry shown in figure 2.4a will be used in chapters 4 and 5. In chapters
6, 7 and 8 the geometry which is shown in figure 2.4b will be used. The main
differences between both configurations are the position of the Ga-boat, a straight
inlet for GaCl with one or two holes directed downwards instead of the curved one,
and the wider, flat NH3 inlet.
The two main problems with the reactor are run-to-run reproducibility and the
occurrence of parasitic deposition. During the experiments it was found that small
changes in geometry or position have a large effect on the growth. It is, therefore,
very important to be able to precisely control the position of various parts of the
reactor for subsequent growth runs. The iterative improvements of reactor design
are directed to solve the position problems. A second problem is parasitic deposition,
i.e. growth of GaN on places where it is not desired. Parasitic deposition occurs on
the walls in the downstream region of the growth area, where it is not a problem.
A larger problem is the deposition of GaN on the edges of the inlets of GaCl and
NH3. The holes through which the gasses enter the reactor get clogged during a
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growth run because of this parasitic deposition. This closing may lead to changed
flow patterns and, consequently, different growth rates. Another consequence could
be that small GaN particles drop onto the growth area and deteriorate the quality of
the grown layers. The challenge for HVPE growth of GaN is to solve the problems
with both reproducibility and parasitic deposition, or at least control them, while
at the same time keeping a high and constant growth rate and obtaining uniform
properties of high quality across the sample.
2.2 Substrates for GaN growth
One of the key issues determining the quality of the grown GaN layers is the choice
of template. The ideal growth would be on free-standing GaN, for this would mean
no lattice mismatch and no thermal mismatch: no creation of dislocations and no
induced strain. However, the material characteristics like high equilibrium pressures
and temperatures of the III-nitrides, make it difficult to grow bulk substrates with
production grade sizes and quality.
Several methods have been developed which can produce bulk GaN crystals: high
pressure nitrogen solution growth, Na flux method, and ammonothermal crystal
growth. A review of these processes is given in [13]. The main disadvantage of
all these methods is that the surface area of the resulting crystals is quite small,
typically a few mm by mm. This makes them not very suitable for most commercial
applications. The high-pressure growth method is also used for growing on GaN
layers deposited by MOCVD on sapphire [14]. This process started very recently
and at the moment the growth rate is still quite low: 10 µm/h.
The only way, so far, to obtain free-standing GaN with sufficient surface area
is by growing a thick layer GaN on a foreign substrate and afterwards removing
the foreign substrate. Several methods are used for this process, e.g. HVPE, and
sublimation growth [15]. Either a boule with a thickness of a few mm is grown
which is later cut into several wafers or a layer of a few 100 µm is grown and the
starting substrate is removed after growth. Slowly this type of substrate is becoming
commercially available, however it is still very expensive.
An overview of some common substrates for GaN and their properties is given
in table 2.1. The substrates mentioned here do not form a comprehensive list, many
more templates, also much more exotic ones, have been tried [16]. In the remainder
of this section the two substrates which are most commonly used for GaN growth
are discussed: sapphire and SiC.
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Table 2.1: Properties of various substrates for GaN growth [16, 17], an overview of
substrate can be found in [18].
substrate material symmetry latice parameters thermal expansion
(A˚) coefficient (K−1)
a c ⊥ c ‖ c
wurtzite GaN hexagonal 3.189 5.185 5.59 10−6 3.17 10−6
wurtzite AlN hexagonal 3.112 4.982 4.2 10−6 5.3 10−6
sapphire (α-Al2O3) hexagonal 4.758 12.991 7.5 10
−6 8.5 10−6
Si cubic 5.4301 3.59 10−6
4H-SiC hexagonal 3.073 10.053 3.6 10−6
ZnO hexagonal 3.252 5.213 2.9 10−6 4.75 10−6
2.2.1 Sapphire
Sapphire (Al2O3) was the first substrate used for epitaxial growth of GaN [4]. It
still is the most commonly used one. It has a large lattice mismatch of about
14 % with GaN. Growth on substrates with such a large mismatch results in a
high dislocation density. In order to improve the layer quality a low temperature
nucleation layer is needed to release most of the strain, the so called 2-step growth
method [19]. The introduction of the low temperature layer opens the possibility
to grow smooth layers, e.g. by MOCVD, with dislocation densities of ∼ 109−10
cm−2. This high dislocation density leads to reduced carrier mobility, carrier lifetime
and thermal conductivity, and degrading device performance. However, GaN is
relatively insensitive to the presence of dislocations and devices are possible with
these numbers of dislocations.
Besides the lattice mismatch there is also a difference in thermal expansion co-
efficient between GaN and sapphire. Assuming stress free growth of GaN at high
temperatures this results in compressively strained GaN at room temperature. For
thick layers the accumulated strain may cause cracks in the sapphire, the GaN, or
both.
Besides the large lattice and thermal mismatch there are some other drawbacks
of sapphire as a substrate. The thermal conductivity is low compared to other
materials, resulting in a relatively poor dissipation of heat. The formation of laser
facets is difficult because the cleavage planes of GaN and sapphire are not parallel.
Another problem for device preparation, e.g. LEDs, is the fact that sapphire is
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insulating. As a result, contacts need to be made at the top side reducing the area
which can be used for devices.
Despite all its drawbacks sapphire is the most commonly used substrate for GaN
growth. It is relatively cheap (50 $ per 2 ” wafer), easily available and the techniques
to grow on it are well developed. All results shown in this thesis are of GaN grown
on sapphire.
2.2.2 SiC
A second substrate used in our lab is SiC. This has better a correspondence of
lattice parameters and thermal expansion coefficients with GaN than sapphire, see
table 2.1. Another advantage is that the crystal planes in GaN and SiC are parallel,
allowing easier formation of facets through cleaving. Also SiC substrates can be
conductive which allows backside contacts resulting in more simple, vertical device
structures as compared to structures on sapphire.
Still, growth on SiC has its drawbacks. Direct growth of GaN on SiC is difficult
due to wetting problems. This can be resolved by growing an intermediate layer like
AlN or AlGaN between the substrate and the GaN layer, however this increases the
resistance between device and substrate. Even though the lattice mismatch between
SiC and GaN is much better than for sapphire still a lot of defects are formed. The
surface of SiC is more rough than that of sapphire which also has its influence on
the grown GaN layer. Last but not least, SiC is much more expensive (from ∼ 1000
$ for a conductive 2” wafer to ∼ 4000 $ for a semi-insulating 2” wafer) and is only
produced by a few manufacturers.
2.3 Reducing dislocations
The problem with all the different substrates for heteroepitaxy is that there is a
lattice mismatch and a thermal mismatch. Both result in problems. At the growth
temperature, the difference in lattice constants results in stress in the material.
When the strain becomes to high, dislocations and cracks will occur in the grown
layer (or the substrate or both). For GaN on either SiC or sapphire this critical
thickness for the occurrence of dislocations is less than one monolayer, therefore di-
rect epitaxial growth is not possible. With the introduction of the low temperature
(LT) nucleation layer small islands of GaN are deposited, which are recrystallised
during the heating to the growth temperature. On the resulting islands a 2D growth
is initiated and the uncovered substrate is laterally covered, resulting in less defects
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Figure 2.6: In order to obtain free-standing GaN, first a layer is grown on a foreign
substrate and later this substrate is removed.
[19, 20]. Defects are now mainly formed where individual islands meet and coa-
lesce. The introduction of LT nucleation layers (which are sometimes also called
buffer layers) resulted in better quality material for MOCVD and HVPE alike, with
dislocation densities for typical MOCVD layers in the range of 108−10 cm−2.
Several other methods have been developed to further reduce the dislocation
density. One of these is Epitaxial Lateral Overgrowth (ELO). ELO is based on two
principles: selective area growth and growth anisotropy [21]. ELO is used in both
MOCVD and HVPE processes. Basically, first a GaN layer is grown. On this layer
a pattern of stripes with a specific direction is deposited. This mask is made of a
dielectric material, e.g. SiN, and is deposited ex situ. After deposition of the mask
the GaN growth is continued.
The growth conditions, like temperature, pressure and mole fractions of growth
species, are chosen to have growth only on the GaN, whereas no growth will occur
on the mask, i.e. selective area growth. The areas between the mask will be filled
with GaN and the growth will continue laterally over the mask because of difference
in growth rate of the crystal faces, i.e. growth anisotropy. This whole process leads
to a full coalesence and a smooth surface for device fabrication.
The idea behind the mask is that the dislocations will be stopped by the mask
and will not proceed into the main layer. This leads to low dislocation densities
above the mask. A second step ELO with the mask slightly shifted would give even
better results. However, this whole ELO process is technically rather complicated
and the mask deposition is a step which has to be performed ex situ.
2.4 Removing the substrate
The ultimately possible performance of GaN-based devices can only be reached by
the use of homoepitaxy on bulk GaN substrates. As already mentioned, one way to
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Laser beam
Sapphire
GaN
Figure 2.7: Principle of laser induced lift off.
obtain free-standing GaN is the growth of thick GaN by HVPE on a foreign substrate
and later remove the substrate by a suitable process. A schematic representation of
this idea is shown in figure 2.6.
Several methods of removing GaN from substrate can be used. As a first tech-
nique it is possible to completely etch or polish the sapphire substrate away. This
has been shown to significantly improve the lifetime of LDs [22, 23]. A second ap-
proach would be to grow a sacrificial layer between the substrate and the GaN. This
layer can be removed by a specific thermal or chemical treatment. AlN could be
used as a sacrificial layer for GaN layers, KOH is a selective etchant for this system
[24]. Another approach is to use self-detachment. During cooling down from growth
temperature the stress due to thermal and lattice mismatch between GaN and sap-
phire causes the detachment of the GaN from the sapphire [25]. However, in this
case a rather complex pre-treatment of the wafer, including lithography, is needed.
Another method is the use of laser-induced delaminating of the GaN from the
sapphire. The principle is very simple. A laser beam with light of higher energy
than the bandgap of GaN is directed through the sapphire to the interface between
the sapphire and the GaN, see figure 2.7. The light is absorbed and causes a local
heating of the GaN above the decomposition temperature (∼ 830 oC). The GaN
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decomposes into nitrogen gas and liquid Ga, according to:
2GaN(s) → 2Ga(l) +N2(g) (2.11)
The laser spot typically has an area of a few mm2, which is scanned over the entire
sample area, thus in principle allowing the lift off of whole 2” wafers. The laser
used in our laboratory is a YAG laser. Typical numbers in a lift-off process are an
output power of 150-200 mW, a wavelength of 355 nm with a frequency of 10 Hz
and a pulse width of 6-8 ns. More details on laser induced lift off can be found in
references [24, 26].
2.5 Techniques for characterisation
Besides studying the HVPE process itself the properties of the grown layers are also
important. The main techniques used for characterisation are described below.
2.5.1 High resolution X-ray diffraction (XRD)
A relatively simple and quick way of checking the crystal quality is X-ray diffraction
(XRD). The diffractometer which has been employed is a Bruker D8 Discovery
instrument. The Cu-Kα1 line is employed for the diffraction measurements with a
wavelength λ =1.54060 A˚. An X-ray beam is directed on the sample under an angle
θ (or ω) with the sample. The diffracted beam is measured at an angle 2θ, see figure
2.8. Constructive interference is found when Bragg’s law is satisfied:
nλ = 2d sin θ, (2.12)
with λ the wavelength of the X-rays, n the order of diffraction and d the lattice
spacing. From the peak position of the diffracted beam it is possible to extract
lattice constants and the strain in the layers.
Two types of measurements are possible. In a rocking curve (ω-scan) only the
sample moves and the detector and source do not move, in a radial scan (ω − 2θ-
scan) both the sample and the detector move. The Full Width at Half Maximum
(FWHM) of the measured peak gives information about the crystal quality of the
sample, e.g. mozaicity of the crystal, dislocation density, and strain [27–29].
2.5.2 Photoluminescence (PL)
Several options are available to obtain light from of materials. One of them is
using light with an energy above the bandgap to create electron-hole pairs. The
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Figure 2.8: Schematic overview of the set-up for XRD measurements.
recombination of such pairs results in the radiation of photons with energies at and
below the band gap, this process is called photoluminescence.
Various characteristics of the material can be determined from the resulting PL
spectra. Both the peak positions and the shape are important for this. Charac-
teristics that can be determined are e.g. band gap parameters, impurity and defect
levels, estimates of strain, free carrier concentration, binding energy of excitons, and
homogeneity of optical properties.
The large band gap of GaN requires the excitating photons to come from the
UV part of the spectrum. This is obtained by the 325 nm (3.815 eV) line of a HeCd
continuous-wave laser. The excitation powers are in the range of 10 µW - 10 mW.
The temperature of the samples can be varied from 3.5 K to 500 K.
For a more elaborate introduction to PL measurements and their interpretation
see [30].
2.5.3 Defect selective etching
Because of the lattice mismatch between the substrate and the GaN layer a relatively
high number of dislocations is present in MOCVD grown GaN layers on sapphire.
During the growth of thicker GaN layers (in HVPE) the number of dislocations
decreases with layer thickness [31].
In order to visualise the threading dislocations defect selective etching is em-
ployed. The GaN surface is etched with a eutectic mixture of NaOH and KOH,
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Figure 2.9: SEM image of MOCVD grown GaN after etching. Hexagonal etch
pits are formed at dislocations sites. Different sizes of pits indicate the various
dislocations.
with some Mg added. Etching is performed at elevated temperatures for a suitable
duration of time. The mixture mainly attacks dislocation sites, revealing them as
hexagonal pits [32]. The different dislocations, i.e. edge dislocations, screw disloca-
tions and mixed dislocations, give different sizes of etch pits. Edge dislocations give
the smallest pits and screw dislocations give the largest ones. These pits can then
later be visualised with microscopic techniques like SEM and AFM, which will be
described below. An example of an SEM image of dislocations in MOCVD grown
GaN is shown in figure 2.9.
2.5.4 Scanning electron microscopy (SEM)
The etch pits obtained with defect selective etching are small, 0.1-10 µm. They can
be distinguished with a normal optical microscope, however to reveal details the
wavelength of light is too large. In Scanning Electron Microscopy (SEM) electrons
are used to visualise the surface. The wavelength associated with electrons is smaller
than that of light and depends on their energy. Using electrons with high energy
(1-15 keV) allows visualising small details.
In SEM electrons are focussed onto the surface with electromagnetic lenses, and
the beam is scanned across the surface. When the primary, high energy electrons
impinge on the surface several processes occur: X-rays are created, photons, Auger
electrons and secondary electrons. The secondary electrons are used in the studies
presented here. The yield of secondary electrons is measured as a function of the
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position of the beam. The contrast in the images is mainly obtained by differences
in the surface orientation of the sample.
A main drawback of SEM is that the samples need to be conductive. If this is
not the case charging of the sample will occur. This charging can be prevented by
evaporating a thin conductive layer, e.g. gold, onto the layer to be studied.
2.5.5 Atomic force microscopy (AFM)
Atomic Force Microscopy (AFM)is a technique which is closely related to Scanning
Tunnelling Microscopy (STM). In STM a sharp tip is scanned across the surface of
a sample and the tunnelling current between tip and sample is held constant. In
this way it is possible to obtain height information about the surface. However, this
technique can only be applied to conductive samples. AFM also can be used to
study non-conductive materials.
The general concept of AFM is that a sharp tip is scanned across the surface.
The tip is mounted on flexible cantilever. When the tip is moved across the sample
it feels the changes in the force between atoms at surface and atoms of the tip, due
to height differences.
Two modes of AFM are generally applied: contact mode and tapping mode.
In the contact mode the cantilever is brought into close proximity of the surface.
During scanning the deflection of the cantilever is kept constant. In tapping mode
the cantilever is made to oscillate near the resonance frequency. In scanning across
the surface the frequency will change when the force changes. By adjusting the
height of the tip in order to keep the frequency constant a height image of the
surface is obtained.
In principle AFM may give atomic resolution, however, more commonly is the
visualisation of nm scale features.
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Chapter 3
Computational Fluid Dynamics
modelling of HVPE reactor
The HVPE growth process has been simulated using computational fluid dynamics
(CFD). This chapter will first discuss the flows in chemical vapour deposition (CVD)
processes in general, i.e. which numbers and factors are important in determining
the flow and in what ways does the flow affect the growth. After this general
introduction the model used for our HVPE reactor will be described.
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3.1 Flow in chemical vapour deposition processes
The gas flow in a reactor is a very important factor in the deposition process as it
transports the growth species towards the growth area. However, also other factors
may play a role. Basically the growth of a material from the gas phase can be
controlled by either surface kinetics, mass transport, or thermodynamics. In the
first case the flow in the reactor does not play a large role and mainly the kinetics
of the reactions at the surface is the main growth determining factor. This type
of limitation is mainly found at low temperatures where the activation energy of
the reaction is important. At high temperatures the equilibrium of adsorption and
desorption at the surface determine growth and this process is thermodynamically
limited. Between those two regimes the growth is limited by mass transport, which
is the situation for the HVPE reactor used for the research presented in this thesis.
When the growth is mass transport limited, the transport of the growth species
to the substrate is determined by a convective flow and a diffusion flux. The con-
vective flow can be separated into a forced flow because of pressure differences and
a natural convection flow because of density differences that result from tempera-
ture or concentration differences. The diffusion flux can be driven by concentration
gradients, but also by temperature gradients (Soret effect).
Because CVD processes require a certain reproducibility from run to run and
(a)
(b)
Figure 3.1: Laminar (a) and turbulent (b) flow in a tube.
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Table 3.1: Reynolds numbers for carrier gasses at room temperature and growth
temperatures for our HPVE reactor, with v=0.2 m/s, h=0.10 m, p=1 bar.
carrier gas 300 K 1350 K
N2 1471 1012
H2 101 15
the option to grow sharp interfaces (especially for MOCVD) certain requirements
can be formulated for the flow inside the reactor.
First, one would like to know whether the flow is laminar or turbulent. The fluid
can be divided into fluid elements, which are small relative to the main scale, but
which are large relative to the atomic scale. In a laminar flow the velocity vectors of
the fluid elements are all aligned in the direction of the main gas flow, see figure 3.1a.
In a tube a parabolic velocity profile will develop in this case. In a turbulent flow
the movement of the fluid elements is chaotic, the direction of the velocity vectors
is randomly distributed, however there is still a main flow direction, see figure 3.1b.
A dimensionless number describes the transition from a laminar flow to turbulent
flow: the Reynolds number (Re). For a tube this number is defined as:
Re =
vhρ
η
, (3.1)
with v the gas velocity, h diameter of the tube, ρ the density of the gas and η the
dynamic viscosity. Through v and ρ the Reynolds number depends on pressure and
temperature. For a tube flow the transition from laminar to turbulent flow occurs
when Re becomes larger than 2300. In table 3.1 the Reynolds numbers are given
for H2 and N2 (the carrier gasses used for HVPE growth) at room temperature and
near growth temperature for our HPVE reactor. The values are sufficiently low to
expect a laminar flow in the reactor.
A second number important for most CVD processes in a horizontal reactor is
the Rayleigh number (Ra). This number represents the ratio of the destabilising
effect of a buoyancy force to the stabilising effect of the viscous force. A first way
of obtaining buoyancy forces is by applying a temperature gradient in the vertical
direction. When the susceptor at the bottom is heated and the top wall is cooled,
this temperature difference will cause differences in density and a buoyancy force
will result. When the buoyancy force is large enough a free convection will result
in transport of warmed gas upwards and cooled gas downwards. The start of this
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thermally driven flow is for Ra=1700, in which the Rayleigh number is defined as:
RaT = PrGrT = Pr
gρ2L3
η2
∆ρ
ρ
= Pr
gρ2L3
η2
∆T
T
, (3.2)
where: Pr the Prandtl number which is 0.7-1 for gasses, Gr the Grashof number,
g gravitational acceleration, L the height over which the density difference occurs,
ρ the density of the gas, ∆ρ density differnce in the gas which can be related to a
temperature difference via the ideal gas law, ∆T = Thot − Tcold, and η the dynamic
viscosity of the gas. The Rayleigh number is very important in MOCVD processes
in which the top wall is cooled and only the susceptor is heated. In the HVPE
reactor used for all experiments described here the whole reactor tube is placed in
a hollow furnace. The situation is then nearly isothermal and the Rayleigh number
based on thermal differences is very small and thermal convection does not play a
role.
However, this does not mean the Rayleigh number is not important in the HVPE
growth process. Other effects can also cause differences in density. The composition
of the gas mixture is not uniform in the whole reactor volume. Due to concentration
differences also density gradients can occur. This can also be described by a Rayleigh
number:
Rac = PrGrc = Pr
gρ2L3
η2
∆ρ
ρ
= Pr
gρ2L3
η2
∆M
M
, (3.3)
with M the average mole mass of the mixture, and ∆M the difference in mole mass
of the mixture.
The Reynolds number for the HVPE reactor indicates that growth occurs in the
laminar regime, the interior of the reactor is nearly isothermal and buoyancy forces
due to concentration differences may be present. Another important parameter
which influences the flow is the geometry. Basically when a flow encounters a gradual
decrease in cross sectional diameter it will adapt itself by increasing velocity and
decreasing pressure. When, however, the change in diameter is more sudden this is
not possible. Near the edges of sudden changes in diameter a recirculation zone can
appear depending on the flow conditions. In the original design of the reactor the
susceptor presented a sort of step in the diameter of the reactor. This is the reason
why the jump in figure 2.4a was changed to a more flat bottom, figure 2.4b, and
designs have been made to make it completely flat. The second configuration moves
the possible recirculation zone away from the susceptor allowing a more laminar flow
in the growth area. Besides being less predictable, the recirculation zones also act
as memory cells, e.g. dopants can get stuck in those zones and interfaces between
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different layers will become less abrupt. This becomes especially important when
growing simple devices in HVPE or more complicated ones in MOCVD.
3.2 Modelling of the HVPE reactor
Most studies on the growth of GaN with HPVE concentrated on experiments or on
the thermodynamics involved in the growth process [1–4]. However, many processes
contribute to the eventual growth of GaN, like species transport, thermodynamics,
and reactor geometry. In addition, all these factors influence each other [5]. In
order to improve the understanding of the interplay of all the different factors the
use of Computational Fluid Dynamics (CFD) is a great help. CFD calculations
help to understand what is happening inside the reactor during growth. Also, it is
a useful tool for improving the reactor, e.g. to study if changes in reactor geometry
or operating conditions would be beneficial.
When CFD was first being used models were mostly two-dimensional (2D), ref.
[6] shows one of the early models on GaN growth by HVPE. With increasing com-
puting capacities of computers, nowadays three-dimensional (3D) models can be
used. With the right parameters implemented in the models an accurate image of
the growth process can be obtained. In recent years more publications appeared on
the modelling of the HVPE process, studying various geometries and various aspects
of the processes [7–10]. For a general introduction to modelling of CVD processes
of semiconductors see reference [11].
For the various geometries used in the research presented in this thesis, CFD
models were developed in a commercially available program: Fluent 6.1 [12]. Even
though the details of the models as used in the different chapters differ, the basics
are the same and will be described below.
The domain for the computations represents the central 48 cm of the 101 cm long
reactor tube. The domain is 3D, with a vertical mirror plane through the centre of
the reactor in order to reduce computational time. This mirror plane will disappear
when rotation of the disk is included in the simulations. A non-uniform, unstruc-
tured mesh of 109.000 tetrahedral cells was used in the computations. Typical cell
dimensions ranged from 2 to 4 mm, with the finest cells located near the susceptor.
For representative cases, simulations were also performed on a mesh with 500.000
cells. Results on both meshes were virtually identical, i.e. the difference in growth
rate was around 3%. The calculation on the coarse mesh took around 40 hours on
a 2.8 GHz Pentium 4 processor and 1.5 GB RAM.
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Table 3.2: The Lennard Jones parameters used to calculate the properties of the
used gasses.
species mass σ (A˚) ε/k
(kg/mole) (K)
N2 0.0280 3.621 97.5
NH3 0.0170 2.920 481.0
GaCl 0.1052 5.000 1000.0
HCl 0.0356 3.339 344.7
H2 0.0020 2.920 38.0
The gas flow out of the GaCl and NH3 inlets was treated as an inflow boundary
condition for the simulations. The gas flow is assumed to be laminar, Newtonian,
and in the continuum regime. The resulting equations for conservation of mass,
momentum, energy, and species are solved in 3 dimensions using Fluent 6.1. [12]
All walls of the growth chamber are set to have no-slip boundary conditions (i.e. the
velocity of the gas at the wall is equal to the velocity of the wall) and are adiabatic,
except for the walls representing the furnace, the susceptor, and the disk which have
the temperatures as set in the experiments. The gasses enter the reactor outside the
part that is modelled; by the time the gasses reach the volume that is modelled they
have reached the temperature of the wall representing the furnace. Therefore, no
radiative heat transfer is incorporated in the model. The gasses leave the modelled
volume through a vertical outflow plane. This plane is located sufficiently far away
from the susceptor so that there are no gradients in flow and species perpendicular
to the outflow plane.
The species included in the calculations are NH3, GaCl, HCl, H2, N2, and GaN.
The properties of the used gasses: specific heat, dynamic viscosity, thermal conduc-
tivity, and diffusion coefficients, are calculated from the Lennard Jones parameters
[11, 13, 14], see table 3.2. The values for these properties of all gasses are stated
in appendix A. GaN is not a gaseous species and is therefore neither mentioned in
table 3.2 nor in the appendix. The σ and ǫ represent the two parameters in the
equation of the Lennard Jones potential. This potential describes the interaction
between two uncharged atoms or molecules and is given by:
Vij = 4ǫ[(
σ
r
)12 − (
σ
r
)6], (3.4)
in which r is the distance between the two molecules. The part with (σ
r
)12 describes
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the the short range repulsive potential and the part with (σ
r
)6 describes the long-
range attractive tail of the potential between two molecules.
The properties of the resulting gas mixture is calculated based on the properties
of the individual gasses and their respective volume fractions. Even though the
concentration of certain gasses is rather low, multicomponent diffusion is included
in the CFD models.
The gasses enter the reactor through the flow inlets as were indicated in figure
2.4. As a boundary condition the gasses are given velocities that correspond to the
mass flows in the experiments. These velocities are found by dividing the volume
flux (Q) through the inlet by the area (A) of the inlets:
v =
Q
A
=
T
273K
1.013 · 105Pa
p
10−3
60
f
A
, (3.5)
with T the temperature (K), p the pressure (Pa) and f the flow indicated by the
mass flow controller (slm = standard liter per minute).
The deposition of GaN on the susceptor is assumed to take place according to
the following equation:
GaCl(g) +NH3(g) ⇋ GaN(s) +HCl(g) +
1
2
H2(g). (3.6)
This reaction is the main reaction for the chosen experimental conditions. Therefore,
the other reactions, which have been discussed in section 2.1.1, will not be included
in the model. No reaction is assumed outside the disk and the top of the susceptor.
Even when these reactions are allowed a very small variation of growth rate is found
and very little deposition occurs outside the susceptor and disk and the GaCl inlet.
Expressions for the kinetics of the reaction forming GaN can be found in litera-
ture [1, 3]. However, since it was found that mass transport of the growth species
to the disk is the limiting factor in the growth of GaN in the HVPE process, the
kinetics are not important to describe the growth. The amount of GaCl that reaches
the surface of the disk and the top of the susceptor determines the deposition rate.
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Chapter 4
The effect of HVPE reactor
geometry on GaN growth rate:
experiments versus simulations
In the study, presented in this chapter, the growth of GaN layers by Hydride Vapour
Phase Epitaxy was investigated both experimentally and numerically. Modelling the
flows in the reactor, combined with basic chemistry, gives a good approximation to
the actual growth experiments. It was found that small changes in the reactor
geometry, e.g. the inlet of GaCl, have a large effect on the growth rate as well as on
the uniformity of the growth.1
1This chapter is based on an article in J. Cryst. Growth 271 (2004) 192, by C.E.C. Dam, A.P.
Grzegorczyk, P.R. Hageman, R. Dorsman, C.R. Kleijn and P.K. Larsen.
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4.1 Introduction
Looking at the number of publications on GaN it is fair to conclude that a lot of
research has been performed during the last decade and still is being performed
on this material. The interest for GaN is no surprise for its properties make it a
very useful material for applications in the field of opto-electronics (laser diodes and
light emitting diodes) and high power, high temperature electronics. The unique
combination of a bandgap in the blue/violet part of the spectrum with a large
resistance to high temperatures and corrosive surroundings is thought to give the
group III nitrides a bright future.
In spite of the tremendous amount of research already done on these materials,
the quality of the materials is far from perfect and a lot of work is being devoted to
improving the quality of GaN. Several growth techniques are available for depositing
relatively thin epitaxial layers of this material, e.g. Molecular Beam Epitaxy (MBE)
and Metal-Organic Chemical Vapour Deposition (MOCVD) [1]. For thicker layers
of this material Hydride Vapour Phase Epitaxy (HVPE) [1] is a suitable technique
and for small free-standing plate-like crystals high pressure growth from nitrogen
dissolved in liquid gallium [2] is probably the only option. Since, until recently, no
GaN substrates were commercially available, mostly lattice mismatched substrates
have been and are being used of which sapphire and SiC (4H and 6H) are the
most commonly used examples [3]. However, these substrates have different lattice
constants and therefore cause a lot of stress in the as grown layers, which results
in epitaxial layers with a high defect and dislocation density. A way to solve these
problems is to use HVPE, which has a relatively high growth rate, to grow very thick
GaN layers on non-native substrates. Later, the substrate should be removed [4–6]
and the result is a free-standing GaN layer which can be used as a quasi substrate,
allowing the growth of better quality material.
Despite a number of publications on several aspects of the growth process of GaN
in HVPE [7–10], the process of growth is not yet completely understood. Attempts
have been made to model reactors in order to study the relation between flows
and growth [11–13]. However, most results are not generally applicable due to the
different types of reactors used. Despite the fact that we have produced excellent
quality material in our HVPE reactor [14–18] more insight into the gas flow dynamics
and growth conditions is needed to obtain a better understanding of the growth
process and to increase the reproducibility and especially the uniformity.
In the present study we will show a comparison between experiments and simu-
lations with the emphasis on the configuration of the GaCl inlet.
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Figure 4.1: Flow inlets for GaCl used in the experiments with (from top to bottom)
β = 60◦, 45◦ and 30◦; the tubes have a diameter of 1 cm.
4.2 Experimental procedure
For the experiments described in this chapter the configuration of the reactor shown
in figure 2.4a is used. The GaCl is created in the gallium-boat, and is diluted with
N2 as the carrier gas. The Ga precursor then enters the reactor through a curved
flow inlet. The standard angle between the direction of the GaCl gas flow inlet and
the vertical axis (β) is 45◦. In the experiments described here we have used angles
of β is 30◦, 45◦ and 60◦; the various GaCl flow inlets used are shown in figure 4.1.
The other source gas, NH3, is also diluted with N2 and enters the reactor below the
GaCl flow. At the point where the GaCl and the NH3 meet in the reactor a small
horizontal separation plate is positioned to prevent premature mixing of the species
leading to parasitic reactions and deposition. From the right-hand-side a third flow
N2 enters the reactor, which is the main carrier gas flow.
The flows used in the experiments are 15 sccm of HCl diluted with 195 sccm N2
and 400 sccm NH3 diluted with 300 sccm N2. The main carrier gas flow is 2800
sccm N2. The reactor is kept at a constant pressure of 990 mbar.
Two types of experiments are performed. For the first experiment small pieces
cut from 2” sapphire wafers with 1-2 µm thick GaN layers grown by MOCVD are
used as templates. These are placed on a disk that rotates at 40-60 rpm. The
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thickness of the grown layer is determined by weighing the samples before and after
growth. For the second series of experiments whole 2” sapphire wafers with an
MOCVD GaN layer are used as templates. The disk is not rotating in this series.
The thickness of the grown layers along the middle line is measured by cross sectional
Field Emission Scanning Electron Microscopy (FE-SEM, JEOL JSM 6330F) with a
magnification of 1000 at an acceleration voltage of 3 kV.
The results from the experiments described above will be compared to results
from the CFD model as was described in chapter 3. As a boundary condition the
gasses are given velocities that correspond to the mass flows in the experiments:
0.198 m/s, 0.661 m/s and 0.04 m/s for the GaCl, the NH3 and the N2 carrier gas,
respectively.
4.3 Results and Discussion
For various angles in the GaCl flow inlet (β = 30◦, 45◦ and 60◦) the deposition
rate and distribution of GaN on the disk and susceptor is calculated. In these
calculations no rotation of the disk is included. Figure 4.2 shows three contour plots
of the deposition rate of GaN on top of the susceptor and the disk, as it is found in
the simulations. For all three cases the growth rate is zero at the up stream edge of
the susceptor and the maximum value is located at the symmetry line through the
susceptor. It is obvious that the GaN growth distribution depends on the angle of
the flow inlet of the GaCl. The highest growth rate on the susceptor (310 µm/h) is
found for β = 30◦; the maximum is located at the up stream edge of the disk. For
β = 60◦ the maximum growth rate is lower (88 µm/h) and is located at the centre
of the disk. When β increases the GaCl is less directed towards the growth area
and the maximum of the deposition rate both decreases and moves in downstream
direction over the susceptor.
Due to the depletion of the growth species in the gas phase the growth rate
decreases in the down stream direction, except near the downstream edge of the
susceptor where the growth increases slightly again. This effect is especially apparent
for the 60◦ case. This phenomenon can be explained considering the diffusion of
growth species from the gas phase towards the susceptor [19, 20]. At the susceptor
the concentration of GaCl is zero, because it immediately reacts to form solid GaN
as soon as it reaches the surface. Above the susceptor the concentration gradient
of GaCl, which determines the deposition rate, is perpendicular to the susceptor,
causing diffusion to be vertical. At the edge of the susceptor, and more specifically
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(c)
Figure 4.2: Contours of GaN deposition on the disk and susceptor for (a) β = 30◦,
(b) 45◦, and (c) 60◦, the main gas flow is from right to left, 15 contours are drawn,
ranging from 0 (right edge) to the maximum growth rates (centre) of 310, 189, and
88 µm/h respectively.
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Figure 4.3: The effect of steady state rotation in the simulations with β = 45◦; (a)
contours of deposition rate at a rotation speed of 120 rpm, (b) profiles of deposition
rate after radial averaging.
a little further downstream, the condition of zero concentration of GaCl at the
height of the susceptor is no longer valid, because no reaction is taking place. The
concentration will be higher there, therefore the diffusion will no longer be purely
vertical and lateral diffusion through the gas phase towards the susceptor will become
important. Extra growth species are available at the edge of the susceptor, causing
an increase in growth rate (edge effect).
In the results described above rotation of the disk is not included, whereas in
most experiments the disk is rotated with 40-60 rpm. Rotation of the disk can be
included in the calculations. The effect of steady state rotation is shown in figure
4.3a for the standard case of 45◦. The rotation of the disk is 120 rpm, which is faster
than what is used in the experiments. The shape of the contours of deposition with
rotation differ from the ones without rotation in figure 4.2b. However, over time one
point at the disk will pass through areas with different deposition rates. This can be
approximated by averaging the growth rate over nodes in certain ranges of distance
form the centre of the disk. The resulting radial profiles for three rotation speeds are
shown in figure 4.3b. The difference in averaged growth rate between no rotation
and 120 rpm is about 10 % of the maximum growth rate, while the experimental
conditions (40-60 rpm) only differ 5 % from the non-rotating condition. Therefore
it is concluded that it is not necessary to include the rotation of the disk in the
simulations; averaging the deposition rate afterwards is sufficient. This will save
computational time because of the vertical symmetry plane through the reactor.
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This averaging procedure is applied to the results from figure 4.2. The resulting
radial growth profiles are shown in figure 4.4 (filled symbols). The data are nor-
malised with the growth rate at the centre of the disk (70, 99, 83 µm/h for β =
30◦, 45◦ and 60◦, respectively). For 60◦ and 45◦ the deposition rate decreases as a
function of the radius, whereas in the 30◦ case it is almost constant. These results
show that 30◦ gives the most uniform distribution of growth over the disk when
rotation is included as described above.
In order to verify the simulations described above, growth experiments have
been performed in the reactor using the standard situation in our reactor: the disk
is rotating with a speed of about 40-60 rpm and β = 45◦ is used. Small pieces
of MOCVD template were used, which were placed in the centre of the disk (1
piece), at the edge of the disk (4 pieces), and halfway between the centre and the
edge (4 pieces). The layer thickness was determined by weighing the samples before
and after growth. In figure 4.4 the experimental results are compared with the
calculations; the filled squares correspond to the calculated values for 45◦, the open
squares to the thicknesses obtained from the experiment with the same angle. The
experimental data are normalised with the experimental growth rate at the centre
of the disk (140 µm/h). After normalisation there is a very good correspondence
between the experimental and calculated growth profiles. A dramatic decrease in
growth rate is visible towards the edge of the disk.
The maximum growth rates found in the experiments and simulations (140 and
99 µm/h for the experiments and simulations, respectively) are of the same order
of magnitude. The difference may be explained by looking at growth on pieces of
template in general. It is observed that for growth on pieces of template the edges
are thicker than the central part of the samples. This is comparable to what is
observed for epitaxial lateral overgrowth (ELO) of GaN [20]: no GaN is deposited
on the mask leading to more GaCl diffusing through the gas phase towards the parts
in between the masked areas. This increases the layer thickness near the edges. In
the experiments described above some polycrystalline GaN was deposited on the
quartz susceptor disk, however, it is less than what is deposited on the templates.
The result is an increase in thickness of the GaN layer at the edge of the templates.
Averaged over the templates this gives a larger deposition rate than found in the
calculations where the lateral diffusion of growth species is only present at the edges
of the susceptor.
In another series of growth experiments a whole 2” wafer is used as a template
to exclude edge effects of the templates on the growth rate as was discussed before.
The disk is not rotated and β is varied from 30◦ to 45◦ and 60◦, like it was shown
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Figure 4.4: Radial profiles of the growth rate on the disk, as they were found in the
simulations for β = 30◦, 45◦, and 60◦ (filled symbols) and in the experiments (open
symbols).
in figure 4.1. Before growth, the template was cut into pieces to facilitate thickness
measurements with cross sectional SEM afterwards. The thickness measurements
were made along the middle of the wafer in the direction of the gas flows. The
results of the thickness measurements are shown as filled squares in figure 4.5. They
are compared with the data from the simulations discussed previously, however, now
the data from the calculations are not rotationally averaged but the growth rate is
just taken along the symmetry line of the susceptor. In figure 4.5 the growth rate
found from the simulations is represented by a solid line.
The resemblance between the data is striking. Experimental data and calculated
data follow the same curves for all three angles. The quantitative correspondence
is best for the 60◦ case, whereas the qualitative correspondence is best for the 30◦
case.
In the simulations it was found that the growth rate increases again towards the
downstream end of the susceptor, as was discussed above. This effect is also visible
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Figure 4.5: Comparison of the unscaled growth rates along the middle line of the
susceptor between growth experiments (filled symbols) and calculations (line) for
several angles of the GaCl flow inlet. The centre of the disk is located at distance = 0
mm and the wafer is located between −25 and 25 mm; the main gas flow is from
right to left.
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in the data in figure 4.5, both for the experimental and calculated data. In the
experiments the last measured point at the downstream end of the template gives
a thicker layer then the point before that. This effect is especially clear for the 60◦
and 45◦ cases. For β = 30◦ this effect is smaller in absolute numbers because of
depletion of the growth species in the gas phase. The absolute number of available
extra growth species through diffusion is smaller in that case.
The difference in position of the growth rate increase between simulations (at the
edge of the susceptor) and experiments (at the edge of the template) occurs because
of the difference in boundary conditions. In the simulations it was assumed that for
the growth it does not matter whether the surface is quartz or a GaN-layer grown
by MOCVD, which is not the case as explained above. Therefore, the increase in
growth in the experiments occurs at the edge of the disk at a distance of −25 mm,
whereas the increase in the simulations occurs at the edge of the susceptor at a
distance of −45 mm.
Quantitative differences between the experiments and calculations are expected
because only the basic chemistry is integrated into the model and the geometry
of the growth chamber has been modelled in a rather simplified way. Still, the
quantitative correspondence between experiments and calculations shows that the
current model is good enough to use for further parameter studies of our HVPE
reactor.
4.4 Conclusions
The model that was used here gives results which correspond very well to results
obtained from real world growth experiments. It is possible, therefore, to use the
model for further investigating the processes in the reactor. It will also help to study
the effect of changes to the reactor geometry without actually making those changes
in the physical reactor, which would be very time consuming. The simulations show
that, with relatively small changes to reactor geometry, i.e. the angle of the GaCl
inlet, it is possible to obtain reasonably uniform growth.
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Chapter 5
Carrier gas and position effects on
GaN growth in a horizontal HVPE
reactor: an experimental and
numerical study
The results of an experimental and numerical study on the effect of carrier gas on
the HVPE growth of GaN in a horizontal reactor are reported. A surprising result
is that both the maximum and the total growth rate under 85 vol% H2 are higher
than under N2 carrier gas. The Computational Fluid Dynamics studies show that
an alteration of the flow pattern caused by buoyancy effects due to concentration
differences is responsible for the increase in growth rate. A second factor influencing
the growth rate is the diffusion coefficient; the net effect of the diffusion coefficient
depends on the carrier gas. The deposition rate of GaN depends on both the carrier
gas and the position growth area relative to the GaCl-inlet. The experiments show
that the quality of the grown layers (as measured with XRD and PL) increases with
increasing H2 content. The calculated and experimental data show a very good
qualitative correspondence.1
1Published in J. Cryst. Growth 285 (2005) 31, by C.E.C. Dam, P.R. Hageman, and P.K.
Larsen.
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5.1 Introduction
The total volume of research into the III-nitrides and the variation in topics are
impressive and increase daily. This was boosted by the success of developing a blue
laser diode by Nakamura [1, 2]. More recently, other devices, like high electron
mobility transistors, have also been fabricated using group-III-nitride materials [3].
The main interesting properties of GaN are the direct band gap in the blue/violet
region (which allows access to the whole visible spectrum) and the possibility to
make high frequency, high power devices.
To produce III-nitride based devices there is, however, one main problem: no
suitable substrate is easily available. Therefore most growth is performed on non-
native substrates like sapphire, SiC, and others. The mismatch in lattice constants
leads to the generation of dislocations which negatively influence the performance of
the devices [4]. In order to overcome the problem of the absence of an appropriate
substrate for easy GaN growth it has been suggested to use Hydride Vapour Phase
Epitaxy (HVPE) (because of its high growth rate) to produce thick layers which
can be removed from the substrate and can serve as lattice-matched substrates [5].
The success of growing thick, good quality GaN layers with HVPE is remarkable
when looking at the lack of theoretical understanding of the growth process. Some
research has been devoted to the chemistry, thermodynamics and fluid dynamics
of the HVPE growth process [6–11]. However, these subjects are all very closely
linked [12] and it is therefore inevitable to study all at the same time, which is
rather complicated. This also complicates the application of data from literature to
a specific situation, mainly because the flow depends strongly on reactor design.
Despite the little theoretical understanding, there is a lot of practical experience
with growth of GaN from vapour phase. There have been studies of the effect of the
carrier gas, mainly N2 and H2 [13–15]. Differences were found in growth rate and
growth mode on patterned substrates, and in layer quality. Mostly it is reported
that the growth rate in H2 is lower than in N2 carrier gas.
In this chapter we continue our research into the coupling of flows, geometry
and growth of GaN in a horizontal HVPE reactor. The previous chapter focussed
on geometry; in this chapter the focus will be on carrier gas and its effect on the
flows and consequently on the growth. Results will be shown of growth experiments
of GaN by HVPE with H2 and N2 as a carrier gas and combinations of the two.
The influence of the different carrier gasses on the physical properties of the grown
layers will be demonstrated. Growth rates found will be compared to trends obtained
in simulations using computational fluid dynamics (CFD). Contrary to what most
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other publications report, the highest growth rate is found for growth under 85 % H2.
Using CFD we will present a model explaining our results and the results in other
publications. Generally, the GaN deposition depends on both carrier gas (diffusion
coefficient and buoyancy effects) and position of the growth surface with respect to
the GaCl-inlet.
5.2 Experimental procedure
For the growth of the layers a home-built reactor was used, the used geometry is
shown in figure 2.4a. The angle in the GaCl-inlet is 45o. A 2” sapphire wafer covered
with GaN grown by MOCVD is placed on the disk in the susceptor; identically grown
templates are used for all combinations of carrier gas. For the experiments described
here the main carrier gas flow of 2800 sccm was N2, H2 or a combination of the both,
resulting in 0 % H2, 17 % H2, 34 % H2, 51 % H2, 68 % H2 and 85 % H2. Note that
due to the constrictions of the reactor design always 495 sccm of N2 enters the
reactor with the source gasses (300 sccm mixed with NH3 and 195 sccm mixed with
GaCl) independent of the choice of main carrier gas. This results in a maximum of
85 vol% H2 in the reactor. More details about the reactor and the growth process
can be found in ref. [16].
To obtain a better idea of growth distribution on the wafer the disk was not
rotated. This results in a very non-uniform growth distribution. Previously we
found that a strongly decreasing growth profile along the symmetry line of the
wafer resulted in the most uniform layer thickness when rotation would be included
[16]. After growth the average layer thickness was determined by weighing the
samples. The thickness of the layer at the symmetry line of the wafer in the flow
direction was also measured in cross section with an optical microscope. For this
purpose the wafer was cleaved along the middle line. The structural quality of the
layers was studied by measuring the symmetric [0002] low angle diffraction peaks
rocking curve mode (ω-scan) with a high resolution XRD Bruker-D8 instrument.
Photoluminescence spectra of the layers were taken at 3.5 K. The samples were
excitated with a CW 325 nm HeCd laser with a power density of 100 W cm−2. The
spectra were resolved by a 1 m monochromator which was equipped with an UV
enhanced CCD detector. The defect density of the layers was examined by etching.
The layers were etched at 673 K for 3 minutes with an eutectic mixture of KOH and
NaOH with 10% MgO added. The etch pits were visualised with Field Emission
Scanning Electron Microscopy (FE-SEM, JEOL JSM 6330F) with a magnification
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Figure 5.1: Thickness of samples after 30 minutes of growth; the thickness is deter-
mined by the weighing method. Position=0 mm corresponds to the centre of the
disk, positive numbers correspond to the up-stream part of the disk and the negative
ones to the down-stream part of the disk.
of 20.000 at an acceleration voltage of 3 kV.
The effect of the carrier gas composition on the growth rate was also studied
using the 3 dimensional computational fluid dynamics (CFD) model of our reactor,
which has been described in chapter 3. Only the option to change the carrier gas
(from N2 to H2) has been added.
5.3 Results and Discussion
5.3.1 Experimental results
The thickness of the layers as measured with the weighing method is shown in figure
5.1 for all 6 combinations of carrier gasses. This graph shows that the maximum
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Figure 5.2: FWHM of XRD measurements (ω-scan) for all combinations of carrier
gasses; the dotted and solid lines represent best linear fits through the measured
points for 85% H2 and 100% N2 carrier gasses, respectively.
value of the growth rate and its position depend on the carrier gas, as was to be
expected. In 85% H2 the maximum growth rate is 2.5 times higher than for N2.
Another difference is the position where maximum growth occurs. In 85 % H2 the
highest growth occurs closer to the inlets than for N2 and, consequently, the growth
under H2 shows a more pronounced depletion behaviour over the wafer than growth
under N2. Not only the maximum growth rate, but also the total deposition rate over
the whole wafer increases with increasing H2 content. This higher deposition rate in
H2 is a surprising result; most publications report that growth is significantly slower
in H2 ambient than in inert gas ambient [7, 13, 17]. This apparent contradiction will
be discussed in the next section, where the experimental results will be compared
to the CFD calculations.
The growth distribution over the wafer is highly non-uniform, as was expected.
Figure 5.1 only shows the deposition profile along the symmetry line of the disk. If
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rotation of the disk were included the deposition would become more uniform; the
best uniformity would be obtained for the strongly decreasing growth profile in case
of 85% H2, see also [16].
The results of the XRD measurements as a function of the layer thickness are
shown in figure 5.2. Measurement points are shown for different places at the wafer
(resulting in different thicknesses due to the in homogeneity of the growth) for all
6 growth experiments. It is clear that the FWHM generally increases as a function
of layer thickness. This corresponds to what was found by Paskova et al. [18].
They reported that up to a certain critical thickness ∼ 42-48 µm) the FWHM of
the ω-scan increases, indicating an increase in mosaic spread. Above the critical
thickness, several narrow peaks appear, indicating the formation of several high
quality domains. This critical thickness, however, is not reached in the experiments
described here. The dotted and solid lines represent the best linear fits through
the data points for 85% H2 and 100% N2, respectively. Comparing layers with the
same layer thicknesses, it is obvious that the FWHM is smallest when grown under
85% H2. Hall measurements showed no difference in carrier concentration (n ∼ 10
18
cm−3) for both carrier gasses, indicating that the broadening of the XRD spectra
is not due to the incorporation of additional impurities. The FWHM of the peak
is a measure of the structural quality of the layer; narrower peaks indicate a better
structural quality (less mosaicity), which is attributed to the growth mode which
changes with the type of carrier gas.
In H2, as compared to N2, the transport of GaCl to the surface is more effective,
as will be shown in more detail in the next section. GaN is formed at the susceptor
according to the reaction [6]:
GaCl(g) +NH3(g) ⇆ GaN(s) +HCl(g) +H2(g). (5.1)
Due to the more effective downward transport the concentration of GaCl close to the
growth surface near the GaCl-inlet is higher for the carrier gas with 85 % H2 than for
pure N2 carrier gas. This results in a higher growth rate. The high concentration
of H2 also ensures that the backward reaction, i.e. etching of GaN, occurs at a
reasonable pace. The etching reaction is not faster than the growth as can be
concluded from the high deposition rates obtained in the experiments. However, the
etching reaction is much faster in H2 than in N2 ambient [19]. Assuming step growth
to be the dominant growth mechanism, etching will influence the most loosely bound
atoms, i.e. the growth species attached to the terraces and atoms that are placed
in non-lattice positions. This gives rise to the phenomenon that the combination of
growth and etching leads to the best crystal quality. The least stable structures will
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The line is a fit with equation (2) from ref. [21].
be etched, which has been demonstrated for diamond growth in ref. [20].
From all samples PL spectra were taken, in figure 5.3 some selected spectra
are shown. These spectra indicate the effects of thickness and carrier gas on the
optical quality. Comparison of spectra (a) and (b), which are both grown under
85 % H2, shows the effect of layer thickness. For the layer of 17 µm the DBE and
FXA peaks have values for the FWHM of 6 meV and 7 meV, respectively; the layer
of 45 µm gives values of 5 meV and 3 meV. This indicates an improvement of the
optical quality for increasing layer thickness for growth under 85 % H2. The effect
of increasing quality with layer thickness is a well know effect. Since both samples
are grown in the same time, this also indicates an increasing optical quality with
increasing growth rate from 34 µm/h to 90 µm/h in 85 % H2 ambient. However, a
higher growth rate is mostly found to be detrimental to layer quality, see e.g. [22, 23].
Apparently the improving effect of increasing layer thickness is dominant over the
deteriorating effect of higher growth rate in the used growth conditions. A second
characteristic of the spectra is the shifting of the position of the FXA peak. With
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increasing thickness this position shifts to lower energies (from 3.482 eV for 17 µm
to 3.473 eV for 45 µm), indicating a release of strain with increasing thickness [24].
Spectra (b) and (c) are taken on samples with almost equal thickness (17 and
18 µm), grown in two different growth runs at the same position on the disk, and
show the effect of carrier gas. For the case of 85% H2 the peaks of the donor bound
exciton (DBE) and the free exciton A (FXA) are clearly resolved. For growth under
complete N2 these peaks are much harder to distinguish. This indicates the better
optical quality for growth under 85 % H2 as compared to growth under N2.
In order to determine the dislocation density the samples were etched and the
etch pit density was measured. The results are shown in figure 5.4. A general
conclusion for this graph is that, for every combination of carrier gasses, the number
of etch pits (representative for the number of dislocations [25]) decreases as the grown
HVPE layer increases in thickness. No significant effect of the carrier gas was found
on the number of defects. Apparently the defect density at the surface is mainly
caused by the original defect density which is determined by the template (which
was identical for all experiments) and the layer thickness.
Matthis et al. [21] applied a model for the reduction of threading dislocations
to GaN. This model was originally developed by Speck et al. [26] to describe the
Threading Dislocation (TD) density in cubic semiconductors. When TDs come
within a certain distance from each other they can react; these fusion or annihila-
tion reactions are the main mechanisms for TD density reduction. Fitting equation
(2) of the work of Matthis is shown as the drawn line in figure 5.4. As fitting param-
eters are found: 1/K = 4.98 106 cm−1 and hˆ = 9.3 10−4 cm, in which K indicates a
dislocation annihilation radius and hˆ corresponds to the initial threading dislocation
density. This gives a very small value for K (20.1 A˚) compared to the value found
in ref. [21]. The low value for K shows a low reaction rate of dislocations, this is
probably due to the high content of edge dislocations (> 50 % as determined from
the ratio between large and small etch pits) which are less reactive than screw or
mixed dislocations.
5.3.2 Simulations vs. experiments
The effect of different types of carrier gas on the growth is also studied numerically.
The calculated growth rate along the symmetry axis over the disk is shown in figure
5.5b. From these data it is clear that the maximum value of growth and its position
depend strongly on the carrier gas composition. In 85% H2 the maximum growth
rate is the highest and occurs closest to the inlets. This position shifts downstream
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Figure 5.5: Comparison of growth rate found in experiments (a) and in CFD cal-
culations (b). The same trend is found, however, the absolute values are quite
different.
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with increasing concentration of N2 in the carrier gas. At the downstream end of
the disk all carrier gas compositions give roughly the same value for the growth rate.
The total deposition of GaN on the wafer is highest for 85% H2 and decreases mono-
tonically with increasing N2 content. The same trends are found in the experiments,
see figure 5.5a. Even though calculations and experiments show the same trends,
the absolute values of the growth rate do not correspond. The results in figure 5.5
pose two questions: 1. Why is the growth rate highest in 85% H2 ambient? 2. How
can the large quantitative difference between the values for the experiments and the
simulations be explained?
The first question can be answered by studying the flow patterns for the two
extreme cases, i.e. pure N2 and 85% H2. The path lines starting from the inlets for
NH3 and GaCl are shown in figures 5.6a and b. All initial gas inlet velocities and
other boundary conditions are chosen the same except for the mass fractions N2 and
H2 for the main carrier gas flow. The resulting flow patterns are quite different: in
H2 a recirculation zone is present in front of the susceptor, in contrast to the pure N2
situation. The appearance of a recirculation zone in H2 was observed in simulations
before by Segal [12]. When the gravity is not taken into account in the simulations
the recirculation zone for H2 almost disappears as is shown in figure 5.6c. When the
same procedure is followed for N2, a small recirculation zone appears (not shown)
like the one shown for H2 in figure 5.6c. However, the effect of gravity on the flow
pattern is largest for H2 due to the larger differences in density between carrier gas
and growth species.
Figure 5.6 shows that gravity affects the flow pattern. This altered flow pattern
leads to differences in growth rate as is shown in figure 5.7. However, this figure also
shows that it is not only the gravity which is important in determining the growth
rate; diffusion also plays a major role. Below the effect of gravity on growth will be
discussed and afterwards the effect of the diffusion coefficient.
In figure 5.7 it is seen that for N2 (◦ and △) the effect of gravity on the growth
rate is only very small, whereas for H2 (• and N) the effect is very large. In H2 the
growth rate collapses when gravity is absent. The GaCl, which sank towards the
susceptor due to buoyancy effects, is transported less efficiently to the growth area
without gravity and this results in a lower growth rate. These results show that
gravity is a very important factor in determining the growth of GaN in H2.
However, without gravity, growth in H2 is still higher than in N2, so it is not
just buoyancy that determines the growth rate. Another difference is the diffu-
sion coefficient (for GaCl: DN2 = 1.26 10
−4 m2s−1 and DH2 = 4.83 10
−4 m2s−1 at
T = 1300 K). These values for the binary diffusion coefficient of GaCl in N2 and
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Figure 5.6: Path lines starting from inlets for GaCl (top) and NH3 (bottom) for
N2 (a) and 85 % Htwo carrier gasses (with (b) and without (c) gravity). Gravity
strongly influences the flow pattern in 85% H2 ambient. The position of the 2” wafer
is indicated, the edges of the susceptor are located 55 and 35 mm downstream and
upstream, respectively, from the centre of the wafer (0). These numbers correspond
to the ones used in figures 5.5 and 5.7
5.3 Results and Discussion 61
-60 -40 -20 0 20 40
0
100
200
300
400
 
 
gr
ow
th
 ra
te
 (
m
/h
)
position (mm)
Carrier gas Symbol Gravity Diff. Coefficient
(10−4 m2 s−1)
N2 △ on 1.26
◦ off 1.26
▽ on 4.83
 off 4.83
H2 N on 4.83
• off 4.83
H on 1.26
 off 1.26
← flow direction
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H2, respectively, were calculated using the data in ref. [16] and references therein.
To study the effect of the diffusion the growth species are given different diffusion
coefficients. In the simulations of growth in N2 the growth species are given the
higher diffusion coefficients they would have in H2 and in the simulations for growth
in H2 they are given the (lower) values they would have in N2.
The resulting curves for growth in N2 with the higher diffusion coefficients are
shown in figure 5.7 as ▽ and  for simulations with and without gravity, respectively.
The values found for the growth rate are very similar, again showing the small effect
of gravity on the growth rate in N2 as the carrier gas. The resulting growth rates
with the diffusion coefficient of H2 are higher than with the lower diffusion coefficient
of N2; they correspond very well with the growth profile for H2 without gravity (•).
For the case with 85% H2 as a carrier gas the diffusion coefficients of the growth
species are given the (lower) values they would have in N2 (H and  in figure 5.7).
Without gravity the growth rate () approaches the curves of growth in N2 with and
without gravity. These results indicate that, when gravity is either not important
(as in N2) or absent, the diffusion coefficient is the main factor determining the
growth rate.
However, normally in H2 buoyancy is important and diffusion plays a different
role. Lowering the diffusion coefficient of the growth species to the values in N2 in
the presence of gravity results in a higher growth rate (H in figure 5.7) than with
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Figure 5.8: Growth rate as a function of H2 content. The lines are the calculated
values (given at the left hand side) at different positions at the disk (the numbers
refer to the positions in figure 5.1, −25 is at the downstream edge of the disk, 0 is
at the centre of the disk and 25 is at the up stream edge), the squares represent
the values (given at the right hand side) at the centre of the disk found in the
experiments.
the original diffusion coefficients (N). Here a decrease of diffusion coefficient leads to
an increase of growth, which would be illogical if diffusion was the most important
part of growth species transport. In this situation the growth species are mainly
transported downward by gravity and the diffusion coefficient plays only a minor
role in this. However, at the same time the transport of species away from the
growth area by diffusion is less due to the smaller diffusion coefficient, resulting in a
higher growth rate. This shows that diffusion and gravity do not always cooperate
and can have counteracting effects on the growth rate. However, both influence the
transport of species and therefore the growth.
Concluding from the simulations it can be said that gravity is important in
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driving the flow when there are large differences in density between carrier gas
and growth species; a second important parameter is the diffusion coefficient. So
changing the composition of the carrier gas changes the convective and diffusive
fluxes and in that way affects the magnitude and distribution of the growth rate.
In most other publications a decrease of growth is found with an increase in H2
content. In ref. [13] growth occurs at a lower temperature and kinetic effects may
play a role, however, ref. [15] reports a lower growth rate at higher temperature.
In ref. [12] a decreasing growth rate at the centre of the disk with increasing H2
volume fraction was found in the calculations, for the experiments first an increase
was found and then a decrease. The difference between experimental and calculated
curves was attributed to a rearrangement of the flow pattern. In figure 5.8 the
calculated growth rate as a function of H2 content is shown at several places at the
disk. The difference with the curves from [12] is that not only values from the centre
of the disk are shown but also from other positions along the symmetry line over the
disk. It can be seen that the shape of the curve depends strongly on the position
of the measurements. At the upstream edge of the disk a strong increase in growth
rate is found with increasing H2 content. At the centre of the disk first an increase
and than a decrease in growth is observed, like it was found in ref. [12]. At the
downstream edge of the disk the growth rate decreases slightly as a function of H2
content.
The increase at the up stream edge of the disk can be attributed to the increased
transport of GaCl to the surface due to buoyancy effects, resulting a change in flow
pattern as was shown in figure 5.6. In N2 the buoyancy effects are not as prominent
and the downward transport of GaCl near the inlet is not as effective, leading to a
decreasing growth rate near the GaCl-inlet with decreasing H2 content. The squares
in figure 5.8 represent the growth rates measured at the centre of the disk in the
experiments. Both the experiments and the calculations show an increase and later
a decrease in growth rate as a function of H2. The position of maximum growth and
the value of growth rates differ.
From figure 5.8 it can be concluded that contrary to what most publications
say, the growth rate does not just decrease monotonously with H2 content of the
carrier gas. It also strongly depends on the position relative to GaCl-inlet and it
is coupled to the transport of GaCl by convection, buoyancy and diffusion, which
determine the species distribution and thus determine the local growth rate. In
most other publications mixing of NH3 and GaCl occurs at a larger distance from
the growth area. In the results presented here the growth rate in H2 decreases
strongly with distance from the GaCl inlet, whereas the growth rate in N2 shows a
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different profile. When the wafer would be placed farther away from the GaCl-inlet
the average growth rate would change in both carrier gasses. This would result in
a lower growth rate for the 85% H2 environment and a higher or slightly decreasing
growth rate in N2(depending on the distance), thus lifting the contradiction between
previous publications, stating the decrease of growth rate with increasing H2 content,
and the results presented here.
A last thing to understand is the difference in values for the growth rate found
in the experiments and in the calculations. The recirculation zone that appears in
H2 makes modelling of the system sensitive to small changes in geometry: a few mm
shift of any of the components may result in a different flow pattern and therefore
a different growth profile. In N2 the flow is more smooth and the effect of such
changes will be smaller. As a result the difference gets larger for increasing H2
content. However, model and experiments show the same trends and give values in
the same order of magnitude.
5.4 Conclusions
The effect of carrier gas on the growth of GaN with HVPE in a horizontal reactor
was studied with experiments and CFD. The best quality layers (as determined by
XRD, PL and number of defects) were grown with the maximum H2 content of 85%.
This increased quality is attributed to the growth mode.
Both the experiments and the simulations show a surprising result: the maximum
and average growth rates are higher in 85 % H2 than in N2 ambient. The growth
rate does not monotonously decrease with increasing H2 content, however it also
depends on the distance from the GaCl inlet, i.e. the place where GaCl and NH3
mix. The experiments and the simulations have a good qualitative correspondence.
From the simulations it was found that the high growth rate close to the GaCl-
inlet in 85 % H2 was caused by an effective transport of growth species (GaCl) to the
growth area; buoyancy effects alter the flow pattern and result in faster transport.
These effects are most important in light carrier gasses as H2, and are not present in
N2 where omitting gravity from the simulations results in the same growth profile.
The simulations show that another important factor for growth rate and distribution
is the diffusion coefficient.
In horizontal reactors a combination of gravity driven transport and the diffusion
coefficient determine the distribution of the growth species and hence the growth
rate.
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Chapter 6
Method for HVPE growth of thick
crack-free GaN layers
25 µm thick GaN was grown with Hydride Vapour Phase Epitaxy on Metal Organic
Chemical Vapour Deposition grown templates on sapphire substrates with the Gal-
lium Treatment Step technique with varying buffer layer thickness. The samples are
studied with Atomic Force Microscopy, etching and scanning electron microscopy,
photo-luminescence, X-ray diffraction and optical microscopy. The results show
that the thickness of the buffer layer is not important for the layer quality once the
growth in MOCVD starts to make the transition from 3D growth to 2D growth and
HVPE continues in the same growth mode. We show that the MOCVD templates
with GTS technique make excellent templates for HVPE growth, allowing growth
of 100-300 µm GaN without cracks in either sapphire or GaN. 1
1Published in J. Cryst. Growth 290 (2006) 473, by C.E.C. Dam, A.P. Grzegorczyk, P.R.
Hageman, and P.K. Larsen.
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6.1 Introduction
One main problem obstructing the growth of high performance GaN devices is the
absence of native, or at least lattice matched, substrates. Such substrates would
allow growth with lower dislocation density which would be beneficial for the device
quality and life time. One option to overcome this problem is the use of Hydride
Vapour Phase Epitaxy (HVPE) to grow thick GaN layers on a foreign substrate.
After removal of the substrate, e.g. by laser lift off or chemical/mechanical removal,
these layers can be used as quasi-substrates for homoepitaxial growth [1–6]. Sub-
strates obtained in this way are slowly becoming commercially available.
HVPE growth of good quality GaN is a complicated process because many factors
contribute to the resulting quality of the grown layers. As a start the parameters
during HVPE growth like reactor design, carrier gasses and precursors are very
important in obtaining good quality layers [7–12]. However, after these aspects
have been optimized still many things can be varied.
Among these parameters probably the most important one is the substrate
[7, 13]. Frequently used, promising substrates are sapphire and SiC. In order to
obtain reasonable quality GaN grown on these foreign substrates intermediate lay-
ers are needed to accommodate lattice mismatch and thermal mismatch. The growth
conditions for these so called nucleation layers determine to a great extent the prop-
erties of the subsequently grown layers [14–17].
A very common growth procedure in Metal-Organic Chemical Vapour Deposition
(MOCVD) growth on sapphire is the two step growth. At low temperature a GaN
or AlN nucleation layer is grown as a layer to accommodate the strain on which the
desired GaN can be deposited at high temperature [18, 19]. This nucleation layer
greatly improves the surface morphology and reduced the dislocation density of the
subsequently grown GaN buffer layer. (In order to avoid confusion, in this chapter
the term nucleation layer will be used for the first layer on the sapphire template,
buffer layer to describe the second layer in the MOCVD process and main layer to
describe the HVPE layer.)
These two-step grown MOCVD templates are regularly used for HVPE growth.
Despite research efforts into the effects of templates on the properties of the grown
HVPE layers no clear, single number has been determined to predict the quality of
the HVPE layers grown on the templates [20–22]. Several factors seem to play a
role. One factor is the strain in the GaN buffer layer. Ideally, in order to grow crack
free GaN layers with HVPE on these templates the layers should be stress-free at
growth temperature. This means that during cooling down the GaN will become
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compressively strained. No cracking of either sapphire of GaN will occur if the stress
in the material is not too high and the structural quality of the GaN is good. When
no cracking is present it is possible to remove the GaN from the substrate, e.g. with
laser induced lift off.
In this chapter we will contribute to the understanding of what is really important
for good templates. As a starting point we use a procedure recently developed in
our group for the growth of GaN templates for HVPE growth. A new type of
nucleation layer is used in the MOCVD growth of GaN on sapphire [23]. A Gallium
Treatment Step (GTS) is included in the growth process, replacing the standard low
temperature nucleation layer. With the right conditions it results in good quality
GaN buffer layers with a thickness of a few microns which are compressively strained
at room temperature. This built in strain could make them ideal templates for
growth of thick HVPE layers. At growth temperature less or no stress will be
present due to the differences in the thermal expansion coefficients of GaN and
sapphire and nearly stress free growth might be possible.
In the experiments described here these new templates with GTS are used for
HVPE growth. Besides studying the quality of the HVPE layer on these templates
also the effect of buffer layer thickness is investigated. The growth time of the
buffer layer is varied, showing the effect of coalescence or not on the quality of the
subsequently grown HVPE layers. So this paper reports the first HVPE layers on
MOCVD templates grown with the GTS method and it shows the effect of buffer
layer thickness on the HVPE layer.
6.2 Experimental set up
The templates used for HVPE growth of GaN are all grown by MOCVD on 2”
diameter (0001)-oriented sapphire wafers. The templates are grown in an RF heated
AIXTRON AIX-200, low pressure horizontal reactor with Trimethylgallium (TMG)
and NH3 as Ga and N precursors, respectively.
The in situ reflectance measurements of (part of) the MOCVD growth are shown
in figure 6.1. Below this measurement will be discussed, for more details see ref. [23].
The first two steps of the MOCVD growth procedure, i.e. cleaning and nitridation,
are not shown in figure 6.1. The process is continued with a Gallium Treatment Step
(GTS), which was described by our group previously [23], at 1170 oC for 40 min, the
last part of this process is indicated by the slightly rising line in figure 6.1 from 0 to
27 min. The GTS is followed by annealing in NH3 for 2 min (with no TMG present
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Figure 6.1: Reflectance data during MOCVD growth for 36 min of buffer layer
growth. The positions of numbers I to IV correspond to the times at which the
growth of the buffer layer of the templates for subsequent HVPE growth was stopped.
in the reactor). The process is finished with deposition of the buffer layer. In the
beginning of the buffer layer deposition the intensity of the reflected light drops and
only slowly starts to rise, later continuing into an oscillation. This indicates that
the growth of the buffer layer starts in a 3D mode and is slowly converted into 2D
growth. The buffer layer growth is stopped after 2 sec (I), 3.30 min (II), 15.30 min
(III) and 36 min (IV), respectively, at a growth rate of 1.4 µm/h, resulting in 4
templates that are used for HVPE growth of GaN.
After MOCVD growth the templates are characterised with optical microscopy
and cut. In order to make a fair comparison quarters of all 4 templates are placed in
the HVPE reactor for overgrowth in the same growth run. No additional cleaning
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Table 6.1: Growth time of GaN buffer layer in MOCVD. The numbers I-IV corre-
spond to the times indicated in figure 6.1.
Template no. buffer layer growth time
I 2 sec
II 3.30 min
III 15.30 min
IV 36 min
is applied to the templates. GaN layers of 25 µm were grown with a growth rate of
about 25 µm/h in an atmosphere of 85 vol% H2.
After growth the properties of the MOCVD and HVPE layers are examined
by optical microscopy and atomic force microscopy (AFM), defect selective etch-
ing and scanning electron microscopy (SEM), X-ray diffraction (XRD), and photo-
luminescence (PL).
6.3 Results and discussion
During HVPE growth 4 different templates were used. These templates differed in
the deposition time of the buffer GaN layer. The variation in the growth times of
the buffer layers is stated in table 6.1; the growth times are also indicated in figure
6.1 showing the reflectance data of the MOCVD growth.
Before HVPE growth the MOCVD templates were studied with optical mi-
croscopy and cut into quarters. The optical micrographs are shown in figure 6.2.
With only 2 seconds of GaN buffer layer growth only bare sapphire is visible with
optical microscope; continued buffer layer growth shows increasing coverage of the
surface with nearly complete coalescence after 36 min.
Parts of the templates that were not used for growth were studied with AFM.
The images obtained by AFM show the same trend as the ones obtained by optical
microscope, see figure 6.3. After 2 sec only very small, evenly distributed dots are
visible. So some deposition has occurred on the sapphire. With increasing of time
both an increase in coverage of the sapphire and an increase in island size is visible.
The islands are no longer of equal size or evenly distributed. The larger islands
grow and the smaller ones disappear or are overgrown by the large ones. Also the
orientation of the islands with respect to the hexagonal symmetry is visible in figure
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(a) (b)
(c) (d)
Figure 6.2: Optical micrographs of MOCVD templates (a) I, (b) II, (c) III, and (d)
IV. The growth times of the buffer layers for the respective templates are indicated
in figure 6.1. The bar in (a) indicates 10 µm; all images have the same scale.
6.3b; all the islands are oriented to the same direction. The AFM images also give
an idea of the height differences at the surface. The height differences increase at
the beginning of the buffer layer growth with the maximum value for template II
with 3.30 min of growth; decreasing again until almost coalescence after 36 min.
Indicating a 3D growth at the start of the buffer layer which later changes to a 2D
growth mode, which corresponds nicely to the data in figure 6.1.
To give some insight into the physical properties of the GaN layers grown with the
GTS method PL measurements were performed at room temperature on the nearly
coalesced template IV. The FXA peak position is 3.469 eV, which is blue-shifted
with respect to the values found from previous templates grown with the normal
two-step method. This indicates that the GaN buffer layer is more compressively
strained when grown with the GTS method.
Quarters of the templates I to IV were placed in the HVPE reactor. Before the
HPVE growth no additional cleaning of the substrates was used. A 25 µm thick
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(a) (b)
(c) (d)
Figure 6.3: AFM images of MOCVD templates (a) I, (b) II, (c) III, and (d) IV. The
growth times of the buffer layers for the respective templates are indicated in figure
6.1. The scale of all images is 5 by 5 µm; the height scale for all images is 500 nm.
layer was grown at a growth rate of 25 µm/h. Optical micrographs of the surface
after HVPE growth are shown in figure 6.4. A large difference is observed between
template I, on the one hand, and templates II to IV, on the other hand. Templates
II to IV all show a relatively flat surface with some pits which are used for focussing;
no cracks are present. Template I, however, looks completely different. The surface
shows a lot of pinholes similar to growth directly on sapphire with the used growth
conditions; the material in-between the holes is Ga-polar material as was determined
by etching in 1M KOH solution at 90 oC.
After 2 sec of main layer growth already some small islands are visible as was
shown in figure 6.3a. However these are not a good starting point for HVPE growth
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(c) (d)
Figure 6.4: Optical micrographs of 25 µm GaN HVPE grown on MOCVD templates
(a) I, (b) II, (c) III, and (d) IV. The numbers I-IV refer to the buffer layer growth
times indicated in figure 6.1. The bar indicates 10 µm.
as was shown in figure 6.4a, which gives an image similar to growth directly on
sapphire. The reason for this might be that during the heating of the templates
at the beginning of the HVPE growth process these small islands disappear due to
decomposition or etching. In this way possible nucleation sites for HVPE growth
are removed and the resulting growth would be directly on sapphire.
The structural quality of the layers was studied with XRD. The measured XRD
(002)-peaks are shown in figure 6.5a. Layers II to IV show the same narrow peak
(approximately 600 arcsec for all 3 templates) with high intensity; the peak for layer
I is more broad (1782 arcsec).
Due to the poor quality of the HVPE layer grown on template I this layer is
not further investigated. Templates II to IV are studied in more detail in order to
obtain an idea of the effect of the buffer layer thickness. The poor quality of the GaN
layer grown with HVPE on template I as compared to the other templates, shows
that some nucleation sites should be present on the template in order to obtain
6.3 Results and discussion 75
-1.0 -0.5 0.0 0.5 1.0
III
II
IV
 
 
In
te
ns
ity
 (a
.u
.)
Angle (deg.)
I
3.35 3.40 3.45 3.50 3.55
template IV
template III
 
 
In
te
ns
ity
 (a
.u
.)
Energy (eV)
template II
(a) (b)
Figure 6.5: (002) XRD peak (a) and near band edge PL spectra (b) of 25 µm GaN
grown by HVPE on MOCVD templates I to IV with GTS and varying buffer layer
thickness (see figure 6.1). The curves have been shifted in vertical direction to
facilitate comparison.
good quality material in HVPE growth. However the question remains whether the
thickness of the buffer layer, once a certain amount has been deposited, influences
the properties of the grown HVPE layers.
XRD measurements of the (002) and (104) peaks with the Bond method are used
to obtain the a and c lattice constants of the GaN layers grown on templates II to
IV. The results are shown in table 6.2. Within the accuracy of the measurements
all templates have the same lattice constants. The values found for a and c show
that the layers are under compressive strain as compared to values found for nearly
strain free material (a = 3.1892 ± 0.0009 and c = 5.1850 ± 0.0005 [24]).
In figure 6.5b the PL spectra near the band edge measured at 4 K are shown for
Table 6.2: PL peak position (DBE and FXA), and a and c lattice constants as were
determined by measuring XRD spectra of (002) and (104) peaks.
Template no. peak position (eV) a c
DBE FXA
II 3.482 6 3.488 3 3.126 5.219
III 3.481 3 3.487 1 3.148 5.215
IV 3.481 6 3.488 0 3.136 5.217
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Figure 6.6: Photograph of HVPE grown layer of 100 µm on a GTS MOCVD tem-
plate. No cracks are visible in either sapphire or GaN.
the HVPE layers on templates II to IV. Again the layers on the different templates
show very similar results. The positions of the narrow peaks for the donor bound
exciton (DBE) and free exciton A (FXA) are reported in table 6.2. The differences
in peak position between the layers are very small and fall within the error margins
after fitting the data. The peak widths are 2.7-4.3 meV (with the exception of the
DBE of HVPE layer on template IV which has a width of 6.2 meV) which indicates
the good quality of the material. The peak positions are blue-shifted with respect
to commonly known values (3.477 eV and 3.483 eV for DBE and FXA, respectively
[25]), indicating compressive strain in the grown HVPE layers.
A last property which has been studied is the dislocation density. The HVPE
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layers on templates II to IV have been etched with a KOH/NaOH eutectic mixture
to count the defect density. The average defect density as determined from SEM
images of the etched surfaces is low to middle 108 cm−2 (0.9-3.4 108 cm−2). Within
the error margins of counting these defects (again) no differences can be observed
between the templates. These low numbers of defect density for relatively thin layers
(only 25 µm) indicate the good structural quality of the grown layers. On the Ga
clusters on the surface after GTS GaN islands are grown and the non-covered areas
are overgrown, preventing the development of dislocations. [23] This explains the
low number of dislocations and the large degree of strain in the material.
From the results presented above and a comparison with pure MOCVD grown
layers [23] some general conclusion can be drawn. Our starting point for these
experiments was that stress free templates at growth temperature will result in
the growth of (thick) crack-free HVPE layers. Considering the different thermal
expansion coefficients of GaN and sapphire the GaN layer of the template should be
compressively strained at room temperature to be stress free at growth temperature.
Also the growth mode in HVPE should be the same as in MOCVD in order to
prevent a renewed introduction of stress during growth. As was described above,
HVPE growth on templates II to IV with GTS treatment results in crack-free GaN
layers, independent of the buffer layer thickness indicating that the growth modes in
the MOCVD and HVPE processes are identical. Obviously, when using templates
of which the growth mode in MOCVD has started making the transition from 3D
to 2D (templates II to IV, see figure 6.1) the continued growth in MOCVD does not
influence the HVPE layer. And the HVPE layer is grown in 2D mode.
In this respect template I is completely different. The growth mode in MOCVD
is still 3D. When this template is placed in the HVPE reactor the switch in growth
mode still has to be made. The HVPE growth conditions are extreme (high tem-
perature, H2 environment) which can promote the etching of the 3D islands on
the template which eventually leads to direct growth on sapphire thereby lowering
the quality of the GaN main layer considerably. Another possibility is that during
the first stages of HVPE growth still new islands are formed and the growth mode
stays 3D. As soon as the growth mode of the buffer layer start to make the transition
from 3D to 2D the thickness of the buffer layer is not important anymore and HVPE
growth continues in 2D mode. Only the properties of the nucleation layer during
MOCVD growth are important in determining quality of HVPE grown GaN
We speculate that this result is generally applicable and that there is no need
to use MOCVD templates with fully coalesced buffer layers for HVPE growth. The
minimum requirement is that the growth mode in MOCVD starts to be 2D and
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that growth in HVPE continues in the same mode. This means that the required
time for buffer layer growth (for MOCVD templates with GTS) is of the order of
minutes (clearly 2 sec of buffer layer growth is too short to make the transition,
whereas 3.30 min is sufficient). Using not fully coalesced buffer layers would shorten
the production time of MOCVD templates for HVPE growth.
The data discussed above also show that the MOCVD templates with GTS are
very suitable for HVPE growth. To demonstrate the good quality of the templates
with GTS further we have grown thicker layers on them (100-300 µm). We were able
to grow 300 µm GaN without cracks. Figure 6.6 shows a photograph of a 2 inch
sapphire wafer with 100 µmGaN grown on MOCVD templates with GTS treatment.
The grown HVPE layer is heavily compressively strained and the structure (sapphire
+ GaN) is bent, however, no cracks are visible in either the sapphire or in the GaN
main layer. These results show that the new GTS templates are very promising
templates for growth of thick, crack-free GaN, which can be used for separation
from the substrate.
6.4 Conclusions
We have demonstrated the use of MOCVD templates with GTS as a nucleation layer
for HVPE growth. These templates are compressively strained at room temperature
due to growth mode. These templates allow growth of 25 µm thick, good quality
GaN without any cracks and low dislocation density. Also a 100 µm thick layer
without cracks has been demonstrated on a full 2” template.
Furthermore, the effect of buffer layer thickness was investigated. The results in
HVPE growth were independent of the thickness of the buffer layer and of whether or
not the buffer layer was coalesced as soon as the growth mode in MOCVD changed
from 3D to 2D. Only 3.30 min of buffer layer growth is long enough to start this
transition and gives identical results to an almost coalesced buffer layer after 36 min
of buffer layer growth. We speculated that this result is more generally applicable
and that the most important part in growth is the first layer on the sapphire and
that the growth time of the buffer layer could be reduced resulting in shorter growth
processes for MOCVD growth of templates for HVPE.
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Chapter 7
Influence of In on the growth
mechanism of GaN in HVPE
In this chapter a study will be presented on the effect of In on the growth mechanism
of GaN in HVPE. Experiments are performed with N2 and H2 as the carrier gasses,
both with and without In present in the reactor. Photoluminesence spectra show no
sign of In being incorporated into the crystal. The adding of In increases the quality
of the grown layers, this effect is most strongly observed for N2 as the carrier gas.
It is found that adding In reduces the growth rate and also increases the steepness
of the growth hillocks on the surface. The step velocity, which is calculated from
hillock slopes and the growth rate, decreases upon adding In. Without In trails are
visible across the surface where steps are distorted by passing a dislocation outcrop.
With In present this pinning is still present, however, the trails do not form. Two
possible explanations for this phenomenon are an increased surface diffusion due
to a mono- or bi-layer of In on the surface and the slower step motion when In is
present.
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7.1 Introduction
In many systems of semiconductor growth the use of isoelectronic doping is shown
to improve the quality of the layers. Examples are the use of In and InAs for GaAs
and InP, which improves the crystalline quality of the layer [1], the use of nitrogen
in GaP [2] and GaAsP [3], and the use of oxygen in II-VI semiconductors [4]. For
GaN, the same effect of improving quality has been shown for the addition of In
to the growth for both Metal-Organic Chemical Vapour Deposition (MOCVD) and
Molecular Beam Epitaxy (MBE) growth [5–9].
In MBE the addition of In to the system results in more uniform growth [5], and
in the improvement of the morphological and optical properties of the grown GaN
layer. It is stated that In acts as a surfactant, modifying the surface kinetics and
increasing the Ga mean free path at the surface, allowing 2D growth. Indium is an
interesting material to use as a surfactant. The weaker In-N bond as compared with
the Ga-N bond is the main driving force for surface segregation of In. And only
very little In will be incorporated at the high growth temperatures which are used:
no alloying will take place [9].
The same effects have been observed in MOCVD growth: the surface morphology
as well as the optical properties improve [6–8]. Like in MBE, this is attributed to
In modifying the growth kinetics [7, 9]. In addition, the dislocation density reduces
and the formation of deep energy levels is suppressed [10, 11]. Both in MBE and
MOCVD the addition of In to the growth system leads to better quality layers.
In a theoretical paper [9] this is explained by the formation of an In mono- or
bi-layer at the surface. This layer facilitates the diffusion of N over the surface
and leads to better quality material. These calculations were performed at 827
oC, which is a lower temperature than used for MOCVD growth. However, in ref.
[6] experimental evidence of In working as a surfactant is shown for the higher
temperature of 1100 oC.
On the effect of isoelectronic doping of GaN with In in the HVPE growth of
GaN, to our best knowledge no publications are available. The growth of pure
InN by HVPE has been tried. Because of the high dissociation pressure of InN only
growth at low temperatures is possible. Depending on the choice of precursors (InCl
or InCl3) the growth temperature for pure InN varies from 530
oC to 750 oC [12–15].
In order to grow alloys of InGaN the growth temperature also needs to be low. This
does not help in obtaining good quality layers [16], moreover, only very little In can
be incorporated. Besides the temperature also the carrier gas is important, growth
of InN is faster in an inert carrier gas, like N2 or He [14].
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Ga(l)In(l)
Flow direction
Figure 7.1: Ga-boat with both In and Ga; the HCl gas first flows accross the liquid
Ga and then over the liquid In. The surface ratio of In and Ga is 4:15.
Since in both MOCVD and MBE In is found to act as a surfactant, it might
also play this role in the HVPE growth of GaN. Because the growth temperature is
high, no or very little In will be incorporated into the layer. However, the positive
effects of In on the quality of GaN grown by MOCVD and MBE could still be
present for growth by HVPE. The In which is present at the surface may change the
growth kinetics and the roughness of the grown layers may decrease. This would
be especially interesting for high growth rates in which roughening of the surface is
more pronounced and thus poses a problem.
7.2 Experimental set-up
In our experiments we used a home-built, horizontal HVPE reactor [17]. The geom-
etry used in the experiments is shown in figure 2.4b. Pieces of a 2” GaN/sapphire
wafer are used as a template for HPVE growth. All templates used for the exper-
iments described are cut from the same wafer, which is prepared by the Gallium
Treatment Step (GTS) method [18]. In general, MOCVD templates obtained with
this method allow the growth of thick (300 µm) GaN layers without cracks by HVPE
[19]. Growth experiments are performed at normal temperatures (1000-1100 oC);
the carrier gas is either N2 or H2 (2800 sccm). The other gasses used are NH3 (1000
sccm) mixed with N2 (60 sccm) and HCl (50 sccm) mixed with N2 (200 sccm). The
boat used to place the gallium for growth has two compartiments, see figure 7.1. Of
one the bottom is always completely covered by Ga, the other one can be filled with
In. The width of the boat is constant over the entire length (22.2 mm), the lengths
of the compartments with In and Ga are 19.2 and 72.7 mm, respectively. This leads
to a ratio between the In and Ga surface areas of 4:15. Before growth, the In is
cleaned by etching in an HCl solution.
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GaCl and InCl are formed by passing HCl through the Ga-boat, see figure 7.1.
The HCl first passes over the Ga surface and then over the In surface. Experiments
were performed to see if the order of In and Ga had any influence on the growth.
No effect on the growth rate was found. This shows that the amount of GaCl that
is transported into the reactor does not depend on the order of In and Ga in the
boat. The configuration of first passing the HCl over Ga and then over In is the
easiest experimental option.
To investigate the effect of In with N2 and H2 as the carrier gas, four growth
runs are performed: two without In as a reference, and two with In. The HCl flow
through the boat is kept constant for all four experiments. The growth time is 1
hour. An overview of the experiments is shown in table 7.1.
After growth the samples are studied with differential interference contrast mi-
croscopy (DICM), AFM (tapping mode), and Photoluminescence (PL).
7.3 Results and discussion
7.3.1 Growth rate
The growth rates for the different growth runs are reported in table 7.1. The letters
A, B, C, and D will be used to refer to the growth conditions. The highest growth
rate is found for growth with N2 as the carrier gas (sample A). When In is added
to the growth system the growth rate decreases (sample B). A similar effect is seen
for H2 as the main carrier gas: again the growth rate decreases when In is added
(samples C and D). The decrease in growth rate does not depend on whether the
HCl flow first passes the Ga and then the In or the other way around. The same
amount of GaCl, which is the species that determines the growth rate of GaN, is
Table 7.1: Growth rates, hillock slopes, and step velocities obtained in the HVPE
growth experiments; the letters A-D will be used to refer to the different growth
conditions.
no In added In added
Growth rate θ vstep Growth rate θ vstep
(µm/h) (deg) (µm/h) (µm/h) (deg) (µm/h)
N2 A 87 0.45 11.0 10
3 B 39 0.60 3.7 103
H2 C 57 < 0.15 > 21.7 10
3 D 35 0.15 13.4 103
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transported into the reactor for both cases. We have also seen that the HCl flow
is not saturated with Ga after passing the boat, as the growth rate increases when
the surface area of the Ga is increased. This means that InCl can be formed with
the HCl that remains [12, 16] and In is transported into the reactor. This also
means that the same amount of GaCl enters the reactor irrespective of whether In
is present or not. Apparently In influences the growth mechanism.
As both In and Ga are present in the gas phase, it is expected that both species
will be present at the surface as well. The In atoms are not incorporated into the bulk
material because of the weaker In-N bond as compared to the Ga-N bond. However,
the reduced growth rate with In indicates its presence at the surface. There it will
probably block positions where Ga could be built into the material. This reduces
the incorporation rate of Ga and thus the growth rate [7]. This suggestion will be
confirmed in section 7.3.3 where the surface morphology of the grown layers will be
discussed.
The lower growth rate for growth under H2 as compared to N2 carrier gas is in
contrast with what was found in chapter 5. However, the geometry was different for
the two studies and therefore the results can not be directly compared. This follows
from the fact that the deposition rate is strongly dependent on reactor geometry;
also the depositon rate is not uniform over the disk and the position of maximum
growth rate changes with the carrier gas. Apparently in the present configuration
with the flat NH3 inlet, as is shown in figure 2.4b, the highest growth rate is obtained
for growth under N2.
Table 7.2: Data obtained from PL measurements at 4 K, the stresses are calculated
using [20].
DBE FWHM FXA FWHM stress
process position (eV) (meV) position (eV) (meV) (GPa)
A 3.465 6.4 3.470 9.5 +1.5
B 3.474 3.2 3.480 5.9 -0.5
C 3.473 4.0 3.479 4.3 -0.5
D 3.476 3.3 3.482 4.5 -0.6
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Figure 7.2: PL spectra measured at 4 K. The spectra are shifted in vertical direction
for clarity.
7.3.2 Photoluminescence
The optical properties of the grown layers were studied using PL. The spectra taken
at 4 K are shown in figure 7.2. For all spectra at least two near-band-edge peaks are
visible: the donor bound exciton (DBE) and the free exciton A (FXA). The peak
positions of the DBE and the FXA and their full width at half maximum (FWHM)
are given in table 7.2. The numbers are obtained by fitting the spectra with gaussian
curves.
Adding In while growing with N2 carrier gas results in quite a dramatic shift of
the peaks toward higher energies. The peak shifting is related to a shift in stress in
the grown material. The stresses in the grown layers are calculated according to [20]
and they are reported in table 7.2. For growth under N2 the change in peak position
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upon adding In is related to a transition from tensile to compressive strain in the
material [21]. A second feature for growth under N2 is that the peaks become more
narrow when In is added, see table 7.2, which implies that the quality improves.
For H2 the material is already compressively strained for normal growth and
becomes slightly more compressively strained by adding In. The DBE and FXA
peaks are clearly visible for both processes C and D. The shoulder at the high
energy side of the DBE and FXA peaks, e.g. at 3.490 eV for sample D, becomes
more clearly visible when In is added, this peak is mostly assigned to the free exciton
B [22]. The peak positions for growth under H2 with and without In are very close
to the values found for growth under N2 with In.
None of the spectra taken from samples grown with In show any sign of In being
built into the material, i.e. no extra peaks at lower energy are visible. The sensitivity
of the PL measurements for the presence of In (< ppm) allows to state that only
a very small amount of In is built in. This is expected because of the difference in
bond strengths and the high growth temperatures.
7.3.3 Morphology
Although the added In is not built in, it has an effect on the growth rate. It also
affects the surface morphology, as is shown in figure 7.3. With N2 as the carrier gas
small hillocks are formed in a hexagonal pattern. When In is added the structures
become larger and more irregular. In both cases the largest hillocks are located
above cracks which have been healed during growth.
The hillocks are also visible for growth with H2 as the carrier gas and In added,
figure 7.3d. However, these hillocks have a slightly ragged appearance. Without
In, the surface morphology is very different. The pattern at the surface represents
growth on a slightly misoriented substrate [23], figure 7.3c. At larger magnification
macroscopic steps are visible in between the (almost) vertical lines, see figure 7.4c.
As the same template was used in all growth runs, the differences in morphology
are caused by differences in growth conditions. For the case of N2 carrier gas the
activity of certain growth centres increases with adding In to the system, leading
to the growth of the larger hillocks. For growth under H2 without In the source of
steps for growth is mainly due to a slight misorientation of the template. When In
is added, the main source of growth steps are the hillocks. Adding the In changes
the growth mode for both carrier gasses.
Figure 7.4 shows optical microscope images at a larger magnification. Macro-
scopic steps are visible at the surface, they are especially clear in figures 7.4a and
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(a) (b)
(c) (d)
Figure 7.3: Optical micrograph (DICM) images of the surface morphology of grown
layers at large scale, (a) sample A, (b) sample B, (c) sample C, and (d) sample D.
The white bar indicates 1000 µm, all images have the same scale.
d. When AFM images are made of the surfaces, the macro steps are visible for all
HVPE growth runs, see figure 7.5. The terraces between the macro steps are most
narrow for growth under N2 (with and without In), and they are wider for growth
under H2. This is related to the steepness of the hillocks. The inclination of the
hillock sides with respect to the substrate (θ) are measured using two-beam inter-
ferometry after Michelson. The resulting angles are given in table 7.1. The numbers
confirm the conclusions from the AFM images: the steepest hillocks are formed for
growth under N2 with In added, and changing the carrier gas to H2 or removing the
In reduces the steepness of the hillocks.
The average step velocity, vstep, follows directly from the hillock slope
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(a) (b)
(c) (d)
Figure 7.4: Surface morphology recorded with DICM at higher magnification show-
ing macroscopic steps at the surface, all images have the same scale; (a) sample A,
(b) sample B, (c) sample C, and (d) sample D.
(θ ∼= hstep/d) and the growth rate (Rg = hstepvstep/d), and is given by
vstep = Rg/θ. (7.1)
Here d and hstep are the average spacing and height of the steps, respectively. The
numbers are given in table 7.1. If In is present for both carrier gasses the step
velocity decreases. Because the hillock slope increases upon In addition, which
would lead to a larger growth rate, this implies that the step velocity is the main
factor determining the overall growth rate, Rg. As suggested in section 7.3.1 this
can be the result of In atoms blocking Ga positions at the steps.
The heights of the macro steps vary between 2 and 5 nm, indicating that they are
much larger than single or half unit cell steps, which would be about 0.25 and 0.5 nm
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(a) (b)
(c) (d)
Figure 7.5: 20x20 µm AFM images. The macro steps are clearly visible for all 4
samples, these steps are closest together for growth under N2; (a) sample A, (b)
sample B, (c) sample C, and (d) sample D.
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(a) (b)
(c) (d)
Figure 7.6: 5x5 µm AFM images. The dark spots represent outcrops of threading
dislocations; (a) sample A, (b) sample B, (c) sample C, and (d) sample D.
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Figure 7.7: Detail of the 5x5 µm AFM image of sample D; some lower steps in
between the macro steps are visible.
respectively. The steps are nicely oriented along the sides of the hillocks (samples
A, B, and D), indicating that the source of the steps is located at the centre of the
hillock. Since the hillocks tend to be located above healed cracks, we think that
these elevations are single or multiple growht spirals related to dislocations. For
sample C the steps all run more or less perpendicular to line patterns at the surface,
showing growth on a misoriented surface.
AFM images at a higher magnification are shown in figure 7.6. In between the
macro steps some lower steps are present. These are visible on sample D, see figure
7.6d. A detailed, contrast enhanced AFM image with the steps more clearly visible
is shown in figure 7.7. Judging from the image contrast we think that they are unit
cell or half unit cell height steps. The steps are rather difficult to distinguish because
of some contamination which is visible as spots covering the surface. These spots
are probably formed at the end of the experiment, after cessation of the growth (a
kind of shut-off effect).
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↑ Direction of step motion ↑
Figure 7.8: Schematic representation of the formation of trails behind dislocations:
steps are pinned by the dislocation and become heavily distorted after passing the
defect; this distortion straightens slowly after passing and the result is a trail behind
the dislocation.
7.3.4 Pinning of steps by dislocations
In all AFM images of figure 7.6 dark spots are visible. These spots represent the
outcrops of dislocations at the surface. The local strain fields around the dislocations
cause small depressions at the surface, which are visible as dark spots.
There is one very typical feature in figure 7.5. Perpendicular to the macro
steps, dark lines are visible on the surfaces grown without In present in the reactor.
In figure 7.6 it becomes clear that these lines are connected with the outcrops of
dislocations. The lines represent distortions at the surface caused by pinning of
especially the lower steps at threading dislocations. A schematic representation of
this process is given in figure 7.8. The dislocation retards the movement of the step
at one point. The step passes, however, a distortion remains and the step is no
longer straight. During continued propagation, the step slowly straightens [24] and
the trail of the dislocation disappears as can be seen from the fading contrast of the
line further from its point of origin.
The situation differs if two dislocations are closer together than a certain critical
distance. When a step hits the two dislocations it will be blocked and is unable
to continue propagation in between the dislocations. The step parts outside the
segment between the dislocations still continue to propagate, as is schematically
drawn in figure 7.9a. They make an enveloping movement around the dislocation
pair and reunite again. As a result, a lower triangular area is formed behind the
dislocation pair as is shown figure 7.9.
When In is added, the pinning of the steps is not prevented (see figure 7.6d),
but all traces of step distortion are quickly removed. A first hypothesis for this
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(a) (b)
1 2 3 4 5
Figure 7.9: (a) Schematic representation of step movement in proximity of two
dislocations which are closer together than a critical distance; 1: the step approaches
the two dislocations; 2: the step reaches the dislocations; 3: the step is blocked
between the dislocations, but the step parts outside continue to propagate; 4: the
two outer parts of the steps reunite and a triangular area of lower height is formed; 5:
the step continues and straightens. (b) Detail of AFM image of sample A, showing
the blocking of a step by two closely separated dislocations.
phenomenon is that In accumulates at the dislocation outcrops and hinders the
growth at and behind that location. However this is just opposite to what is observed
as no traces are visible when In is present. A second explanation could be an
increase in free step energy upon adding In. This makes sharp corners in the steps
energetically less favourable and the step will straighten faster. The result is that no
(or very little) traces will be visible after pinning of steps by dislocations. However,
the hillocks grown in the presence of In are steeper than the ones grown without In,
which indicates that, assuming spiral growth, the free stepe energy decreases when
In is added. [25]
A more likely explanation is related to the efficient surface diffusion. An in-
crease of surface diffusion was suggested upon adding In to the system in MBE and
MOCVD [5, 9]. This effect may also be present in HVPE growth. It increases the
mean free path of the ad-atoms at the surface, resulting in a larger possibility of
encountering a kink site, which enhances the growth of the perturbed step regions
lagging behind. This faster surface transport of species will not prevent the pinning
of steps; however, traces of distorted steps will be more quickly removed once a step
has passed the dislocation. Another effect related to the surface diffusion is the
lower velocity of steps with In present. This means that the integration of growth
units into the steps is slower and the surface diffusion is better able to keep up with
the growth, which makes the distortions to be removed faster.
The continuous retardation of the step propagation by the dislocations for all
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four growth conditions leads to the bunching of the lower steps, as imaged by AFM.
This process leads to many irregularities in the step pattern, which results in the
macro steps visible by optical microscopy.
7.4 Conclusions
The effect of In on the growth of GaN by HVPE is studied. It was found that the
effect is larger for N2 than H2 as the carrier gas. For N2 the strain in the grown layer,
as determined by PL, changes from tensile to compressive if In is added. For growth
under H2 this effect is not present. Adding In for growth under N2 also increases
the optical quality, which is indicated by the smaller FWHM of the DBE and FXA
PL peaks. For growth under H2 this effect is much smaller. For both carrier gasses
the PL spectra show no signs of In being incorporated into the GaN crystal.
Adding In also reduces the growth rate for both carrier gasses. From the mea-
sured hillock slopes and growth rates it is found that the step velocity decreases
upon adding In. It is suggested that during growth the In atoms at the surface
block sites where Ga incorporation could take place.
Besides reducing the growth rate also the surface morphology is changed. For all
four growth conditions macrosteps with a height of 2-5 nm are visible on the surface.
These macrosteps result from bunching of individual steps due to local retardation
of step propagation by dislocations. For growth without In this pinning of the steps
leads to fading trails behind the dislocations. If In is added to the system these
trails are no longer visible even though the pinning of the steps is still present. An
increased surface diffusion and a slower step propagation are suggested to explain
this effect.
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Chapter 8
Scaling up a horizontal HVPE
reactor
In this chapter the scaling up of our small (2”) HVPE reactor to a 4” reactor
is studied. Scaling rules for processes in which both diffusion and buoyancy are
important are derived. It is found that relatively simple adjustments in inlet velocity
and pressure result in the same dimensionless growth rate during scaling up. The
physical growth rate can be kept constant by also changing the inlet concentration
of GaCl.
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8.1 Introduction
Recently a new HVPE reactor has been built in our laboratory. It is modelled after
the other HVPE reactor (David) which has been used for all experiments described
in this thesis. This new reactor is capable of handling 4” wafers or 3*2” wafers.
Its large size also helped in choosing its name: Goliath. The geometry used for the
studies in this chapter is shown in figure 2.4.
The experimental optimisation of a growth process in any reactor is a time
consuming process. In order to speed up this process it would be very interesting
to know how to adjust the growth parameters like temperature, pressure and mass
flows when the reactor is scaled up. For this study CFD calculations and the use
of basic dimensionless numbers [1] following from the governing equations are very
useful.
When no direct CFD calculations are possible the dimensionless numbers or
groups of dimensionless numbers can assist in finding the right growth parameters.
Which numbers are important depends on the actual set-up [2, 3]. When direct CFD
calculations can be performed the dimensionless numbers still give an indication into
which direction optimal conditions lie for the scaled reactor.
In order to get an idea of what is possible and how to transfer knowledge obtained
for the 2” reactor to the 4” reactor we performed calculations on the effects of scaling
up.
In this chapter we will present the result of scaling of our reactor and we will
also derive some more generally applicable results. These are specific for horizontal
reactors in which species transport to the susceptor is determined by both mixed
convection flow and diffusion, and the film growth is limited by transport of reactants
to the surface.
8.2 Theoretical background
In the scaling up of reactors, geometric, dynamic and chemical similarity are impor-
tant. In the scaling up process described below, geometric similarity is obtained by
increasing all length scales with the same factor (l). In flows in which differences
in density are important, which is the case for our HVPE reactor, see chapter 5,
two numbers determine the flow: the Reynolds number (Re) and the Rayleigh (Ra)
number. Instead of the Rayleigh number it is also possible to take the Grashof num-
ber (Gr). The Rayleigh number and the Grashof number are related by Ra=Gr*Pr,
in which the Prandtl number Pr≈0.7-1 for gasses.
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Table 8.1: Scaling behaviour of various relevant dimensional and dimensionless pa-
rameters.
Variable Dependence Dependence Dependence Dependence
on L, p, on l when on l when on l when
and v L ∝ l, and p L ∝ l, v ∝ l−1, L ∝ l, v ∝ l−1,
and v constant and p constant and p ∝ l−3/2
ρ ∝ p - - ∝ l−3/2
η - - - -
D ∝ p−1 - - ∝ l3/2
ν ∝ p−1 - - ∝ l3/2
Re = ρvL
η
∝ pvL ∝ l - -
Gr = gL
3ρ∆ρ
η2
∝ l3 ∝ l3 - -
Gr/Re2 ∝ v−2L ∝ l ∝ l3 -
Sc = ν
D
- - - -
Dasurf =
kL
D
∝ pL ∝ l ∝ l ∝ l−1/2
The Reynold number was already defined before in chapter 3 as:
Re =
InertiaForces
V iscousForces
=
ρvh
η
∝
ρvL
η
, (8.1)
and the Grashof number was defined as:
Gr =
BuoyancyForces
V iscousForces
=
gL3ρ∆ρ
η2
. (8.2)
The used symbols denote: L: length scale in vertical direction which is deter-
mined by the set-up, v: velocity, can be set experimentally, ρ: density, which is
dependent on the pressure (ρ ∝ p) and gas composition, ∆ρ: density difference, g:
the gravitational acceleration, η: dynamic viscosity.
In the following, a relative length scale l = L
Lo
= h
ho
is applied, in which Lo and
ho are the length scale in the current set-up (David). When the length scales of
the reactor are increased with a factor l (l = 2 for Goliath) both Re and Gr should
be kept constant to obtain dynamic similarity. Another important dimensionless
parameter is the so-called mixed convection parameter Gr/Re2.
In the Grashof number the density of the gas mixture should change with l−3/2
to obtain the same value for Gr as before scaling up. This change in density can
be obtained by changing the pressure, which is one of the parameters which can
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be experimentally set for the reactor, like p ∝ l−3/2. The dynamic viscosity is
independent of the pressure. The only free parameter to use in order to keep the
Reynolds number constant is the velocity. When the velocity is scaled like v ∝ l1/2
Re is also kept constant and similar flows will be obtained after scaling of the reactor.
The situation becomes less complicated when no gravity would be present. When
gravity would not be involved it would be enough for dynamic similarity to only
adjust the velocity while keeping the pressure (or density) constant.
The situation becomes more complicated when reactions and diffusion of species
are included. Two other numbers can be introduced for this situation: the Schmidt
number (Sc) and the Damko¨hler number (Da). The Schmidt number characterises
the ratio of convective and diffusive species transport:
Sc =
ν
D
, (8.3)
in whichD is the diffusion constant, and ν is kinematic viscosity. The second number
is the Damko¨hler number, in this case at the surface (Dasurf ), which gives the ratio
between the reaction speed at the surface and the speed of diffusive transport of
species towards the surface:
Dasurf =
kL
D
, (8.4)
with k the reaction constant of the formation reaction of GaN. Since the process
is executed using a large stochiometric excess of NH3, Dasurf should be related to
the transport and reaction of GaCl. In chapters 4 and 5 we have assumed for this
species that Dasurf >> 1, i.e. the reaction at the surface is much faster than the
transport of species towards the surface.
The dynamic scaling as described above, i.e. L ∝ l, p ∝ l−3/2, and v ∝ l1/2,
does not affect the Schmidt number, as both the diffusion constant D and ν are
inversely proportional to the pressure (D, ν ∝ p−1 ∝ l3/2, see table 8.1). Dasurf
changes with ∝ l−1/2, see table 8.1, under the assumption that the reaction rate k is
not dependent on the pressure. Since the reaction occurs at the surface this seems
a valid assumption. The Damko¨hler number before scaling was much larger than 1,
when scaling up Dasurf decreases. However, when the scaling factor is small Dasurf
will remain much larger than 1, indicating that the rate determining step remains
the transport of the growth species towards the surface.
Even though, in principle, besides Re and Gr two more numbers are involved
when diffusion and reactions are present, in practice they are not very important
during scaling up. Sc does not change during scaling and (for small scaling factors)
Dasurf remains >> 1, indicating that the transport of growth species towards the
surface still determines growth rate.
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Figure 8.1: Cross section of the central part of the reactor geometry used for the
scaling studies. The flows of NH3, GaCl, and H2 entering the reactor are indicated.
8.3 Experimental reactor configuration
The basics of the model used for the calculations have been described before in
chapter 3. In the study presented in the current chapter a geometry different from
the one used in chapter 4 and 5 is applied due to experimental modifications of
’David’. The bottom of the reactor is almost flat, the NH3 inlet is a narrow slit over
the whole width of the reactor, and the inlet for GaCl has been changed to a straight
tube with one hole just above the up-stream edge of the disk. The advantage of this
set up is the more simple design of the GaCl inlet and the better reproducibility
of the positioning of the NH3 inlet relative to the susceptor. A schematic overview
of the geometry is shown in figure 8.1, a more detailed drawing of the reactor can
be found in figure 2.4b. The magnitudes of the inlet velocity, which are boundary
conditions for the model, are for l = 1: 0.39, 0.38, and 0.12 m/s for the GaCl with
added N2, the NH3 with added N2, and the main carrier gas (H2), respectively.
In the scale-up, all length scales of the reactor are simply increased by a factor of
l, which is chosen to be 2 and 4 in the results presented below. The introduction of
the scaling factor l allows generalising of the results to different lengths. In the first
part of the results the focus will be on the flow pattern, afterwards the attention
will shift to the obtained deposition rate.
8.4 Results and discussion
Simply scaling up the reactor without changing the pressure or the inlet velocities of
the gasses (note: this does mean changing the mass flows into the reactor), results
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Figure 8.2: Pathlines for scaling up the reactor while keeping the pressure and
the inlet velocities constant for different scaling factors. The top figure shows the
original reactor David (l = 1), the middle one is a model for Goliath and is scaled
with l = 2, the bottom one is scaled with l = 4. The reactor sizes are shown relative
to each other. In the remaining figures in this chapter all 3 reactors will be depicted
at the same width. The ratio of Gr/Re2, which is a measure for the effect of gravity,
increases by a factor of 2 and 4 for l = 2 and l = 4, respectively.
in different flow patterns as is shown in figure 8.2. The top figure shows the original
reactor l = 1, the middle one is scaled with l = 2 and the bottom one is scaled
with l = 4. In this figure the reactors are shown in sizes relative to each other.
Unless stated otherwise all figures showing either pathlines or contours of a specific
property in this chapter, are from top to bottom with l = 1, l = 2 and l = 4. Also
the images for different values of l will be depicted at the same size from now on.
Figure 8.2 shows pathlines starting from the GaCl- and the NH3-inlets. As the flow
is assumed to be stationary the pathlines indicate the trajectories which a massless
particle would follow when it would be advected by the velocity field. For l = 1
a small recirculation zone is visible upstream of the susceptor. When the length
scale increases this recirculation zone grows and for l = 4 already reaches halfway
between the inlet of the main carrier gas and the NH3-inlet. In figure 8.2 the number
Gr/Re2, which indicates the importance of gravity on the flow, increases by a factor
of 4 when l is increased 1 to 4, see table 8.1. The formation of the recirculation zone
is driven by gravity and the density difference between the various gas streams.
Figure 8.3 shows the effect of decreasing the velocity in order to keep Re constant,
while keeping the pressure constant, i.e. Gr changes. It is shown that when the
velocity is decreased as compared to figure 8.2, the recirculation zone increases for
both l = 2 and l = 4. The stabilising effect of the flow is reduced when the velocity
is lowered. The results so far indicate that the effect of gravity is important for
the flow pattern. When for the cases in figure 8.3 the gravity is switched off in the
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l = 1
l = 2
l = 4
Figure 8.3: Pathlines for scaling up the reactor while keeping the Re number con-
stant, i.e. reducing velocity (v ∝ l−1) with increasing length scale. The pressure is
kept fixed, so Gr varies as l3, see table 8.1. The ratio Gr/Re2 increases by a factor
of 8 and 64 for l = 2 and l = 4, respectively.
calculations, i.e. keeping Re constant in comparison with the starting reactor with
l = 1 and setting Gr=0, the pathlines change and become identical for all three
cases as is shown in figure 8.4. The recirculation zones disappear when gravity is
not included.
However, in a laboratory on earth, gravity is of course always present. A different
scaling rule should be applied when gravity is present in order to obtain dynamic
similarity. Besides the velocity also the pressure in the reactor should be changed
to keep both Gr and Re constant in the presence of gravity; as derived in section
8.2, the scaling of the pressure and the velocity should be: p ∝ l−3/2 and v ∝ l1/2.
Changing the pressure also changes the binary diffusion constants of the gasses as
D ∝ p−1. The values of the binary diffusion coefficients for the different pressures
are given in Appendix A. The flow patterns which are obtained for keeping both Gr
and Re constant are shown in figure 8.5. They are very similar, all show a small
recirculation zone.
The number Gr/Re2 indicates the importance of gravity. For the two scaled-up
reactors, l = 2 and l = 4, this effect is shown in figure 8.6. It is clearly seen that
with increasing velocity, i.e. increasing Re and decreasing Gr/Re2, the recirculation
zone becomes smaller and almost disappears for l = 4 with a 4 times higher velocity.
This result indicates that, when the recirculation zone is unwanted, it is possible to
reduce it by increasing the velocity of the incoming gasses.
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l = 1
l = 2
l = 4
Figure 8.4: Pathlines for scaling up the reactor with fixed Re and without gravity
(Gr=0). For the situation in which no gravity is present only Re determines the
flow.
l = 1
l = 2
l = 4
Figure 8.5: Pathlines for scaling of the reactor with both Re and Gr constant, i.e.
L ∝ l, v ∝ l1/2, ρ ∝ p ∝ l−3/2. The resulting flow patterns are very similar with a
small recirculation zone.
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l = 2 l = 4
Figure 8.6: The first column shows the effect of gravity for l = 2. At constant
pressure the velocity is increased: 0.5 vo, vo, 2 vo from top to bottom, the resulting
path lines are drawn. The relative value of the ratio Gr/Re2 with respect to the
original reactor with standard velocities decreases: 8, 2, 0.5. The second column
shows the same effect for l = 4, with velocities increasing like 0.25 vo, vo, and 4 vo
from top to bottom. The ratio Gr/Re2 relative to the original reactor with standard
velocities decreases like: 64, 4, 0.25.
l = 1
l = 2
l = 4
Figure 8.7: Contours of molar concentration GaCl in case of equal Re and Gr
numbers during scaling. Contours are drawn at 1/15, 2/15, 3/15, . . . , 14/15, and
1 cin. The absolute maximum value of the concentration decreases with decreasing
pressure, however, the dimensionless concentration profile remains constant.
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l = 1constant Re, Gr=0 constant Re and Gr
l = 2
l = 4
Figure 8.8: The first column shows contours of deposition rate on the susceptor
and the disk for Re is constant without gravity, the corresponding flow patterns
are shown in figure 8.4. The maximum values are: Rg,max = 350 µm/h for l = 1,
161 µm/h for l = 2, and 80 µm/h for l = 4. The second column shows contours of
deposition rate with constant Re and Gr, the corresponding pathlines are shown in
figure 8.5. The maximum values are: Rg,max = 738 µm/h for l = 1, 350 µm/h for
l = 2, 177 µm/h for l = 4. The contours are drawn at 1/15, 2/15, 3/15, . . . , 14/15,
and 1 Rg,max.
From above it can be concluded that two numbers govern the flow pattern:
Gr and Re. When these are kept fixed, by varying the inflow velocity and the
pressure, the dimensionless velocities remain unchanged. Moreover, since also Sc
remains unchanged and Dasurf remains large in the applied scaling process, the
profiles of the dimensionless concentrations (c/cin with cin the concentration at
the inlet) are unchanged too. This follows from the contours of GaCl and NH3
concentration, which show the same distribution of contours. This is shown for the
GaCl concentration at the symmetry plane of the reactor in figure 8.7. This means
that at the surface the dimensionless growth rate will be constant during scaling,
which can be seen in figure 8.8. On the left hand side the deposition patterns
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of GaN are plotted for the case that only Re is constant and gravity is absent.
On the right-hand side of figure 8.8 the contours of deposition rate for both Re
and Gr constant are plotted. For both scaling mechanisms the deposition patterns
are (nearly) identical, however, the (maximum) deposition rate decreases when l
increases. Note that the deposition rate is not a dimensionless number.
There are two ways of explaining this phenomenon. A first way is by looking
at the number of moles n of growth species that enter the reactor per unit time.
Only the case with both Re and Gr constant will be discussed, for the other cases a
similar derivation is possible. From the ideal gas law we find that n = pV
RT
∝ pvA ∝
l−3/2l1/2l2 = l1, in which V is the volume entering the reactor per unit time and A is
the area of the gas inlets. So the total molar inflow of gasses increases linearly with
the length scale of the reactor. The total area on which growth will occur, however,
increases with l2. Per surface area less growth species are available and the growth
rate decreases with l−1.
A second way of explaining the decreasing growth rate starts with realising that
the growth rate shown in figure 8.8 is not a dimensionless number. So far we
have worked with dimensionless quantities, i.e. velocity, pressure, length scales, and
concentrations. To make the growth rate (Rg) dimensionless we need to consider
that it is dependent on the transport of GaCl to the surface. The last part of the
transport will be due to diffusion to the surface and will be mainly dependent on
the concentration near the surface:
Rg = D
dc
dy
, (8.5)
with y the direction perpendicular to the surface. In dimensionless form, scaling
length scales with L and concentrations with cin, the concentration at the inlet, this
will become:
Rg =
Dcin
L
dc∗
dy∗
=
Dcin
L
R∗g, (8.6)
in which the ∗ indicates dimensionless quantities. When during scaling up of the
reactor the dimensionless growth rate is kept constant, the dimensional growth rate
changes with: p−1p1/l1 = l−1. Which is what we see from the numbers found for
the growth rate in figure 8.8.
A decreasing growth rate with scaling the reactor is not a desired result, as the
high growth rate is one of the assets of HVPE growth. As the flow through the
GaCl inlet (GaCl and N2 carrier gas) into the reactor is only a small flow (250 sscm
for l = 1) relative to the other flows (1530 sccm for NH3 and 2800 sccm for the
main carrier gas for l = 1) making small changes to the concentration or velocity
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of GaCl at the inlet will not result in drastic changes in flow or deposition pattern.
However, since the deposition rate is limited by the transport of GaCl to the surface,
a changed mass inflow of GaCl will effect the growth rate.
The first option is keeping the total (volume) flow into the reactor constant, i.e.
keeping the velocity at the inlet constant, and changing the mass or mole fraction
GaCl of the flow. The results for doubling the mass flow of GaCl into the reactor for
l = 2 while keeping the total volume flow through the GaCl inlet constant are shown
in the right hand side of figure 8.9. From top to bottom the pathlines, GaCl molar
fraction at the symmetry plane through the reactor, and the deposition rate at the
susceptor and disk are shown. In the column on the left hand side the same figures
are shown for l = 2 with Re and Gr constant. It is observed that the pathlines,
contours of GaCl concentration and contours of GaN deposition are very similar for
both cases. The maximum value of the GaN deposition rate, however, increases
from 350 µm/h to 780 µm/h when the mass flow of GaCl is doubled.
Other ways of obtaining the same result are increasing the total flow through
the inlet while leaving the mass fraction of the mixture entering constant, or just
increasing the mass flow of GaCl into the reactor without adjusting the N2 flow
in order to keep the velocity constant. When changes remain small relative to the
other two flows the flow pattern and deposition distribution will not show large
differences. Only the amount of GaCl which reaches the surface changes and thus
the growth rate will change. When the changes become too large the flow pattern
will start to change and the relation with the small reactor from which we started
will be broken.
8.5 Conclusions
In this chapter we presented data on scaling of our small, 2” HVPE reactor (David).
It was shown that it is possible to make a direct scaling of the reactor and the growth
process.
For dynamic similarity both the Grashof number and the Reynold number need
to be kept constant. This can be obtained by changing the pressure, which affects
the density and the diffusion constants, and the velocity. When the pressure is
scaled like l−3/2 and the velocity like l1/2 the flow pattern and dimensionless growth
rate do not change during scaling. The physical growth rate, however, decreases
with l−1. In order to obtain the same growth rate as before scaling the mass flow
of GaCl into the reactor needs to be increased. As the flow through the GaCl inlet
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Figure 8.9: The images show the pathlines, contours of GaCl concentration at the
symmetry plane, and contours of GaN deposition on the disk. On the left-hand side
these are shown for the scaled reactor with l = 2 with both Re and Gr constant. On
the right hand side the concentration of GaCl at the inlet is doubled while keeping
all other parameters (velocities and pressure) constant. The maximum deposition
rate for the left hand side is: 350 µm/h and for the right hand side: 780 µm/h.
is only small this will not have a very large influence on the total flow pattern or
deposition pattern, only the growth rate will change.
In order to transfer a growth process from David to Goliath (3*2” or 4”) the
pressure should be reduced to 350 mbar (assuming that l = 2 for Goliath), all mass
flows for Goliath, expect the GaCl flow, should be doubled with respect to David.
The mass flow of HCl through the Ga-boat, which results in GaCl entering the
reactor, should be 4 times as high. With these quantities the growth rate and its
distribution over the susceptor for the process in Goliath should be comparable to
what is found in David. Experiments are needed to verify these results.
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Chapter 9
Concluding remarks and future
outlook
This thesis describes the research done in our lab in order to develop 2” free-standing
GaN. Unfortunately, the original goal, to get free-standing GaN wafers, was not
reached in the time period; however, large progress has been made into the right
direction.
At the beginning we had just found out the right conditions for growth, e.g.
flows and temperature, and we were able to grow nice quality layers. However, the
growth rate and the quality of the layers were not reproducible. Also the grown layers
cracked very easily. These cracks appeared both in the GaN and in the sapphire.
A last issue which was causing problems was the parasitic deposition. As long as
this was on the outer tube downstream of the growth area no problems occurred,
however, this deposition occurred at the inlets of both NH3 and GaCl where it did
pose a problem. The parasitic deposition limited the time available for growth and
damaged the inlets, resulting in a changing geometry when the inlets were used
multiple times. Only after these problems had been addressed in a certain way was
it possible to start working on the removal of the substrate from the GaN.
We found that the reproducibility could be greatly enhanced by modifying the
geometry, making a more simple design and making the separate components fit
better together. The different pieces are easier to fabricate and their positions
relative to each other are better defined, e.g. the susceptor is now placed next to the
NH3 inlet.
In this process of adapting the geometry of the reactor and choosing the flows,
the CFD calculations have been very useful, providing information which is not
experimentally available, like flows and species distribution inside the reactor.
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The second large problem was the cracking. As long as the grown layer cracked
during growth or during cooling it was not possible to study the removal of the
substrates in detail. The growth conditions in HVPE were changed in order to
obtain better quality layers. Changing the carrier gas from N2 to H2 had a large
effect and improved the layer quality greatly. Another very important parameter
was the choice of template. The templates grown with GTS in MOCVD proved
to be very good templates for HVPE growth. On these templates we were able to
grow thick layers (∼ 300 µm) which did not crack during growth or cooling down
and which remain stable for months after removing them from the reactor. This all
indicates the good quality of the layer.
The other problem mentioned is the parasitic deposition on the inlets. There
does not seem to be an easy solution for this problem. To solve it, basically, one
would need to prevent the mixing of the GaCl and the NH3 near a quartz surface. An
idea to obtain this is to envelope the GaCl flow with an additional H2 or HCl flow,
which would prevent the early mixing of NH3 and GaCl and prevent the deposition
of GaN on the GaCl inlet.
Conlcuding so far, our current status is that we have greatly improved our HVPE
reactor, resulting in more reproducible growth and we have found an excellent tem-
plate for HVPE. We are able to grow good quality, thick layers without cracks. Only
now can we start thinking about removal of the substrate. Several ways of obtaining
free-standing material are being looked into. The first one is laser induced lift off.
The parameters which are important for laser induced lift off are identified and will
be optimised. At the moment we are able to remove the sapphire, as can be seen in
figure 9. The conditions are not fully optimised yet and the GaN has broken during
the lift off process. Also cracks in the GaN layer which were present after growth
could cause breaking of the layer. With optimised parameters, for both growth and
lift off process, the laser induced lift off should work for the whole 2” grown wafers.
However, at certain places the sapphire is still attached to the GaN, and is not
willing to come off. The edges of the wafers, on which the growth is always a bit
different from the centre, are especially difficult to remove with laser induced lift
off, see figure 9.
Another method of removing the substrate is by etching it away, either by re-
active ion etching or by chemical etching with H3PO4 at elevated temperatures.
Especially the last method looks promising. For this method it is necessary to pro-
tect the GaN, e.g. with a thin gold layer, from the etchant and to be sure to remove
the wafer from the etchant before the substrate is completely etched away.
The whole process of removing the substrate is definitely something which re-
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Figure 9.1: Photograph of the backside of wafer after laser induced lift off of the
sapphire substrate of half a 2” wafer. The grown GaN layer is not of very good
quality, hence the dark colour. Still, pieces with a rather large surface area remain
after laser lift off. The sapphire mainly remains at the edges, which is what normally
happens.
quires further studies. However, now that we are able to obtain thick GaN of excel-
lent quality on MOVCD templates, a more serious study can begin on the removal
of the substrate.
A second topic which would be very interesting is developing a method for growth
directly on sapphire similar to the GTS method in MOCVD. This would be especially
interesting for growth on 4” substrates in in our scaled-up reactor, so-called Goliath.
Our laboratory is not equipped to grow on 4” substrates with MOCVD, so the only
way to grow 4” is to grow directly in HVPE. Also when 3x2” wafers are used the
shortage of templates grown by MOCVD (which also takes time) will increase and
the possibility to grow directly on sapphire becomes very interesting.
The production of free-standing GaN (on a large scale) is not simple, only a
few companies are selling this material, e.g. Lumilog, Sumitomo, ATMI, TDI, and
Cree. The prices for 2” free-standing GaN are 5-10.000 $ and the delivery time is
in the order of months. Apparently the yield in the production of the free-standing
material is still quite low and many problems remain to be resolved.
In the mean time the development of devices based on GaN (either free-standing
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or on substrate) continues. In 2005 the first commercially available AlGaN/GaN
power amplifiers grown on silicon substrates were announced. At the end of that
year Cree reported an optical output of their small, white LEDs of about 50 % of the
theoretical maximum. This milestone was obtained in a shorter period of time than
was needed for other coloured LEDs. The shortest reported wavelength (for AlGaN)
is 250 nm, which is nearing the expected minimum value of 210 nm. With all these
recent developments GaN and related materials are getting closer to fulfilling their
promise of high efficiency, high frequency, high temperature and high power devices.
Appendix A: Properties of gasses
used in the CFD calculations
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Table 9.1: Properties of gasses used for CFD calculations, independent of pressure
at T=1300K.
Gas cp (J/kg K) η (kg/m s) λ (W/m K)
N2 1.2177 10
3 4.8956 10−5 8.5231 10−2
H2 1.5635 10
4 2.3327 10−5 5.2471 10−1
NH3 3.7206 10
3 4.3405 10−5 2.2168 10−1
HCl 9.1086 102 5.2937 10−5 6.9083 10−2
GaCl 8.9071 102 2.8104 10−5 3.4043 10−2
Table 9.2: Binary diffusion coefficients (*10−4 m2/s) for p=990 mbar, T=1300K.
H2 NH3 HCl GaCl
N2 8.7856 3.3389 2.5163 1.2574
H2 - 9.7995 8.5271 4.8341
NH3 - - 3.0343 1.4483
HCl - - - 1.0330
Table 9.3: Binary diffusion coefficients (*10−4 m2/s) for p=350 mbar, T=1300K.
H2 NH3 HCl GaCl
N2 24.570 9.3377 7.0370 3.5166
H2 - 27.405 23.847 13.519
NH3 - - 8.4857 4.0503
HCl - - - 2.8890
Table 9.4: Binary diffusion coefficients (*10−4 m2/s) for p=125 mbar, T=1300K.
H2 NH3 HCl GaCl
N2 69.582 26.444 19.929 9.959
H2 - 77.612 67.535 38.286
NH3 - - 24.031 11.470
HCl - - - 8.1816
Summary
GaN, with its wide bandgap of 3.42 eV and its excelent material properties, is a very
interesting material for optical and electronical devices. One of the main limitations
at this moment still is the lack of availability of GaN substrates or lattice matched
substrates. The growth technique used in the experiments described in this thesis,
Hydride Vapour Phase Epitaxy (HVPE), is a promising technique to produce GaN
substrates. Because of the high growth rate, thick GaN layers can be grown at
reasonable time and reasonable cost. After growth, the thick GaN can be separated
from the substrate and free-standing GaN is the result. This thesis is aimed at giving
more insight into the HVPE growth process in relation to the grown GaN material,
both through experiments and calculations on the flows with Computational Fluid
Dynamics (CFD).
In chapter 4 a CFD model including the basic chemistry for GaN growth with
HVPE was described. An excellent correspondence was found between the growth
rate from the experiments and from the calculations. This indicates that CFD is a
very useful tool when studying growth from vapour phase. Data about flows and
species distribution, which are not experimentally available, can be calculated. Both
the experiments and the CFD calculations show that the HVPE growth technique
is very sensitive to small changes to the reactor geometry. A change in the angle of
the GaCl inlet allows obtaining a more uniform growth.
The effect of the carrier gas on growth rate and quality of the grown layers is
shown in chapter 5. The growth rate is accesible both by the calculations and by the
experiments, again there is a good correspondence. For the used reactor geometry
the highest growth rate is found for growth under 85% H2 as the carrier gas. From
the CFD calculations two important factors are found to contribute to the flow
pattern and depostion rate: buoyancy effects because of concentration differences
and the diffusion coefficient. The calculations also show that the position of the area
of growth relative to the GaCl inlet is very important in determining the growth
rate and distribution.
The choise of starting substrate for HVPE growth is very important. In chapter 6
templates grown by Metal Organic Chemical Vapour Deposition (MOCVD) with the
Galium Treatment Step (GTS) are used for growth of thick GaN layer by HVPE.
This results in 100-300 µm thick GaN layers that are grown on these template
without visible cracks. The influence of the GaN buffer layer grown by MOCVD is
investigated by growing 25 µm thick layers with HVPE on 4 different templates with
GTS. The deposition time of the GaN buffer layer after GTS treatment in MOCVD
was varied. The thickness of the buffer layer does not influence the properties of the
subsequently grown GaN layer by HVPE as soon as the growth in MOCVD starts to
make the transition from 3D growth to 2D growth. This means that shorter growth
times can be applied in MOCVD growth of templates for HVPE as the buffer layer
from the MOCVD growth does not need to be fully coalesced.
For growth in MOCVD and Molecular Beam Epitaxy (MBE) adding In to the
growth system acts as a surfactant. In chapter 7 the effect of adding In to the
growth system of HVPE is studied for H2 and N2 as the carrier gasses. For N2 the
effect of adding In is largest: the reduction of the full width half maximum values
of the peaks in the PhotoLuminesence (PL) spectra indicate an improvement of the
optical quality. For growth under H2 this effect is not so strongly present. For both
carrier gasses the growth rate decreases when In is added, this is probably due to
the blocking of growth sites by In, resulting in a slower movement of the steps at the
surface and thus a lower growth rate. This slower step movement with In present
also allows the removal of distortions due to pinning of steps by dislocations.
As an addition to our small HVPE reactor for 2” wafers, a new 4” reactor has
recently been built in our laboratory. In order to know how to adjust the growth
parameters to translate results from the small reactor to the larger reactor CFD
calculation have been performed. Both the Grashof number and the Reynolds num-
ber need to be kept constant for dynamic similarity. This can easily be obtained by
changing the pressure inside the reactor, which effects the density and the diffusion
coefficients, and the velocity of the incoming gasses. With the appropriate scaling
rules the flow pattern and the dimensionless growth rate do not change in the CFD
calculations during the scaling of the reactor. The physical growth rate, however,
decreases. This can be compensated by increasing the mass flow of GaCl into the
reactor.
In general it can be said that the work presented in this thesis results in a better
understanding of the HVPE growth process in a horizontal reactor. The combination
of experiments and calculations shows that the used model is a very valuable tool to
access data which is not easily accesible experimentally, like the species distribution
and flow patterns. Both the experiments and the calculations have given more
insight into the important factors of the growth proces, e.g. carrier gas and choise
of template. With this increasing understanding of the growth process the easy
fabrication of a good quality GaN substrate is getting closer.
Samenvatting
GaN, met zijn grote bandafstand van 3.42 eV en zijn uitstekende materiaal eigen-
schappen, is een erg interessant materiaal voor optische en elektrische toepassingen.
De grootste beperking op dit moment is de beschikbaarheid van GaN substraten, of
beter gezegd het tekort hieraan. De groeimethode die is gebruikt in de experimenten
die in dit proefschrift beschreven staan is Hydride Vapour Phase Epitaxy (HVPE).
Dit is een veelbelovende methode om vrijstaand GaN te produceren. Dankzij de
hoge groeisnelheid kunnen dikke GaN lagen gegroeid worden en dit binnen een re-
delijke tijd en tegen redelijke kosten. Het doel van dit proefschrift is om meer inzicht
te geven in het HVPE proces en de eigenschappen van het gegroeide GaN, zowel
door experimenten als door berekeningen aan de stromingen in de reactor m.b.v.
Computational Fluid Dynamics (CFD).
In hoofdstuk 4 wordt een CFD model opgezet met daarin een eenvoudige be-
schrijving van de chemie voor GaN groei m.b.v. HVPE. De groeisnelheden die
zijn gevonden in de experimenten en in de berekeningen vertonen een uitstekende
overeenstemming. Dit laat zien dat CFD een handig hulpmiddel is voor het bestud-
eren van groei uit de gasfase. Gegevens over stromingen en de verdeling van gassen,
die experimenteel niet gemakkelijk toegankelijk zijn, kunnen worden berekend en
zo toegankelijk worden gemaakt. Zowel de experimenten als de berekeningen laten
zien dat de groei van GaN met HVPE zeer gevoelig is voor kleine veranderingen in
de reactorgeometrie. Een verandering van de hoek van de GaCl-inlaat leidt tot een
meer uniforme groei.
Het effect van het dragergas op de groeisnelheid en de kwaliteit van de lagen
wordt beschreven in hoofdstuk 5. De groeisnelheid is bekend zowel uit de ex-
perimenten als uit de berekeningen, wederom is er een goede overeenkomst tussen
beide. In de gebruikte reactorgeometrie wordt de hoogste groeisnelheid gevonden
voor groei met 85 % H2 als dragergas. Uit de CFD berekeningen volgt dat er twee
belangrijke factoren zijn die bijdragen aan het stromingspatroon en de groeisnelheid:
dichtheidsverschillen vanwege verschillen in concentratie en de diffusiecoefficie¨nt. De
berekeningen laten ook zien dat de positie waar de groei plaats vindt t.o.v. de GaCl
inlaat zeer belangrijk is voor de groeisnelheid en de verdeling van de groei.
Ook de keuze van het substraat voor HVPE groei is erg belangrijk. Het ge-
bruik van templates gegroeid m.b.v. MetalOrganic Chemical Vapour Deposition
(MOCVD) met een Galium Treatment Step (GTS) is beschreven in hoofdstuk 6.
100-300 µm dikke lagen zijn gegroeid met HVPE op deze templates en er zijn geen
barsten zichtbaar. Het effect van de dikte van de bufferlaag gegroeid met MOCVD
is onderzocht door 25 µm GaN te groeien met HVPE op 4 verschillende MOCVD
templates. Voor deze templates is de depositietijd voor de GaN bufferlaag in het
MOCVD proces gevarieerd. Zodra de groei in het MOCVD proces de overgang heeft
gemaakt van 3D naar 2D maakt de dikte van de bufferlaag niet meer uit voor de
eigenschappen van de HVPE laag die vervolgens gegroeid wordt. Dit betekent dat
de produktietijd van MOCVD templates voor HVPE groei van GaN ingekort kan
worden, omdat de eilandjes waarme de groei van de bufferlaag begint niet volledig
samengegroeid hoeven te zijn.
Voor de groei van GaN met Molecular Beam Epitaxy (MBE) en MOCVD heeft
In de functie van een surfactant. Hoofdstuk 7 beschrijft het effect van In op de
groei met HVPE met N2 en H2 als dragergassen. Het toevoegen van In heeft het
grootste effect met N2 als dragergas: de breedte van de pieken (FWHM) in het
Photoluminescentie (PL) spectrum wordt kleiner wat duidt op een verbeterende
optische kwaliteit. Bij groei onder H2 is dit effect niet zo sterk aanwezig. Bij beide
dragergassen neemt de groeisnelheid af bij het toevoegen van In. Een mogelijke
verklaring voor dit effect is dat In de plaatsen op het oppervlak blokkeert waar
groei kan plaatsvinden wat leidt tot een langzamere beweging van stappen over
het oppervlak en dus een lagere groeisnelheid. Deze langzamere beweging van de
stappen zorgt er ook voor dat verstoringen die ontstaan door het blijven steken van
stappen achter dislocaties sneller verdwijnen.
Naast een kleine HVPE reactor voor 2”wafers, is er recent een nieuwe 4”reac-
tor gebouwd in ons laboratorium. Om uit te vinden hoe de groeiomstandigheden
vertaald moeten worden van de kleine reactor naar de grote reactor zijn er CFD
berekeningen zijn uitgevoerd. Voor dynamische gelijkvormigheid moeten zowel het
Grashof nummer als het Reynolds nummer constant gehouden worden. Dit kan
eenvoudig worden bereikt door de druk, die invloed heeft op de dichtheid en de dif-
fusiecoe¨fficie¨nt, en de snelheid van de inkomende gassen aan te passen. Als de juiste
schaling wordt toegepast blijven het stromingspatroon en de dimensieloze groeisnel-
heid gelijk in de CFD berekeningen tijdens het schalen van de reactor. De fysieke
groeisnelheid echter neemt af, dit kan worden voorkomen door de instroom van GaCl
in de reactor te verhogen.
Samenvattend kan er worden gezegd dat het werk beschreven in dit proefschrift
heeft bijgedragen aan een beter begrip van het HVPE groeiproces in een horizontale
reactor. De combinatie van experimenten en berekeningen laat zien dat het gebruikte
model een geschikt hulpmiddel is om informatie te verkrijgen die experimenteel niet
eenvoudig toegankelijk is, zoals de verdeling van de gassen en de stromingsprofielen.
Zowel de experimenten als de berekeningen geven een beter inzicht in de belangri-
jke factoren voor het groeiproces, bijvoorbeeld het dragergas en de keuze van het
template. Met deze toenemende kennis van het groeiproces komt de produktie van
goede kwaliteit GaN dichterbij.
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